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FOREWORD

This manual for ground mounted air-supported single and double wall
structures 1s prepared by Hayes International Corporation, Birmingham,
Alabama. The manual presents information on wind tunnel tests conducted
in support of design data and an analysis of tent fabric stresses. Configura-
tions investigated included spherical and cylindrical single wall tents and
cylindrical double wall tents with flat ends. Wind tunnel tests were conducted
in the six foot stability tunnel at Virgima Polytechmic Institute, Blacksburg,
Virgimia. The work was conducted for the U §. Army Natick Laboratories,
Natick, Massachusetts under Contract DA-19-129.AMC-129(N), during the
period of July 1963 to October 1966
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GLOSSARY OF TERMS

Reynold's Number - A dimensionless parametric ratio of th inertia forces
and the viscous forces acting on a body immersed 1n a moving fluid, The
mathermatical expression for Reynold's Number 18

R - 2Ul

N n

Critical Reynold's Number - The Reynold's Number at which the boundary
layer upstream of a point of separation changes from laminar to turbulent
flow, The critical Reynold's Number for both spheres and cylinder 1s approxi-
nately 500, 000,

Dynamic Pressure - Also referred to as impact pressure or velocity pres-

sure and 1s that portion of the stagnation pressure which results from the

motion of the flurd, The mathematical expression for dynamic pressure 1s
1

. L 2
q sz

Potential Flow - A theoretical treatment of fluid flow which assumes the
fluid to be 1inviscid, Consequently, a body 1n motion with potential flow has
a symmetrical pressure distribution which results 1n zero drag forces,

Horizontal Bouyancy - The general tendency for the model 1n a closed jet wind
tunnel to be '"drawn'' downstream due to the longitudinal static pressure grad-
1ent that exists in the test section,

Solid ]i?»lockmg = The 1increase 1n arr velocity due to the presence of a model
in a wind tunnel test section caused by the reduction in the area through which
the air 18 allowed to flow,

Planform Area - Maximum projected area 1n horizontal plane,.

In. w g - Gage pressure expressed in inches of water




ABSTRACT

The objective of this program is to provide tentage information based
on wind tunnel test data that can be applied either to the evaluation
and and improvement of existing ground mounted air-supported tents or to
the design of such future structures,

The program consisted of study, test and analytical investigation
phases from July 1963 to October 1966, During the study phase, a review
was made on pertinent literature on experimental techniques, data and analyses
applicable to determining maximum aerodynamic force on and stresses in fab-
ric structures, The wind tunnel investigations consisted of detailed test-
ing of twenty-six tent models to include sixteen single wall tents (ten with
non-porous and six with porous fabrics) and ten double-wall tents. Tests
were conducted at stabilized wind speeds up to 105 miles per hour in the
Virginia Polytechnic Institute's 6' x 6' stability tunnel. In the analy-
tical phase, test data were used to develop fabric stress and aerodynamic
coefficient data variation wirth tent parameters.

Results of the wind tunnel investigations and stress analyses have been
incorporated and includes comprehensive, practical design data suitable
for engineering reliable, stable, single and double-wall air-suppor ted tents,
Data, in general, are presented in non-dimensional coefficient form, and
therefore, are applicable to full scale tents within the range of the
parameters investigated, Design information as presented as charts and
tables on tent aerodynamic force and moment coefficients, anchor and guy
line coefficients, structural deflection, material stresses and packaged
volume, and weight,
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SECTION I
INTRODUCTION

In March 1956, a revised addition of the Design Manual for Spherical
A1ir Supported Radomes was published by Cornell Aeronautical Laboratory
Since 1ts publication, air supported structures of other than spherical shapes
have been adopted by the Army., Design and fabrication of these tents have
generally been limited to the semi-empirical methods outlined in the revised
Design Manual for Spherical Air Supported Tents and data estimated to cover
other basic configurations

In order to assist the tentage engineer to more accurately define the
criteria for design of air supported structures, the U S Army Natick Labora-
tories contracted with Hayes International Corporation to formulate practical
design criteria for single and double-wall air supported structures The pro-
gram included a comprehensive analytical study and model wind tunnel tests
resulting 1n a Design Manual for ground mounted air supported tents A more
rigorous solution to the analytical determination of fabric stresses 1s included
in this investigation which, combined with the latest materials and accessory
equipment information furmshed by the Army, has produced more precise
tentage design criteria than has heretofore been available to the Army designer

. The Design Manual has been prepared in two parts for the convenience
of the user. Wind Tunnel Tests contains a detailed description of the wind
tunnel test investigations and data reduction techniques, together with a com-
prehensive analytical determination of maximum fabric stresses through use
of measured tent pressure distributions Design Manual for Ground Mounted
Air-Supported Tents (Single and Double Wall) presents the results of the tests
and analyses of Part I 1in a concise form of design tables and curves for both
single and double-wall tents and sample problems illustrating the use of the
data.




SECTION 2

GENERAL DISCUSSION

2,1 BACKGROUND

The art of tent making 18 hundreds of years old, For centuries,
through trial and error, man has constructed effective shelters for habitation
and housing of equipment, The evolution of this art has covered myriad
configurations, but only recently has a way been found to eliminate the cumber-
some weight of the supports through the use of inflation techniques, The
forerunner of air supported tents dates back to early World War II days when
an external enclosure over a radar antenna was found desirable, This use
was motivated by the necessity for protection of the radar installation from
high winds. These early installations were small 1n size and the material
used ranged from single sheets of molded plexiglas or plywood to multiple
layers of sandwich-type construction, The first reported use of a resin-
impregnated glass fabric as a radome material stemmed from an attempt to
reduce the moisture absorption properties of plywood on the earlier models
through the application of a thin protective overlay on the external surface
of the radome.

Larger radomes were dictated for use on later World War Il radar
installations, The advent of radomes ranging in diameter from 35 to 55 feet
arose from the necessity to extend the United States Air Defense after World
War II to include radar detection systems located 1n arctic zones of operation,
Operational radars of that time were designed to withstand only the wind
loads and weather conditions encountered i1n temperate zones, Wind condi-
tions 1n the Arctic were known to 1mpose greater loads upon an antenna sys-
tem, and upon 1ts pedestal than those for which the structure was designed.
Therefore, 1t was decided to utilize radomes for environmental protection,
Up until this time the large radomes had been used an as expedient alterna-
tive to modification and strengthening of existing radar antenna structures,
With the advent of arctic usage, the intrinsic merits of the light weight ra-
dome soon became obvious; 1, e, environmental protection, reduction 1n power
required to rotate large antenna systems 1n high winds and reduction 1n size
and weight of structural members at the cost of a small degradation in sysil:em
performance due to the presence of the radome,

Modern scientific and technological developments made 1n military
equipment and in support of a mobile army have resulted in the need for new
type tentage, The need for new tentage varies from highly specialized items
for the missile program to large maintenance tents for ground vehicles and
arrcraft,




The use of air supported tents, other than radomes, represents one
approach taken by the Army to provide shelters of reduced weight, cost and
cubage which can be eas:ily transported, erected and struck for more mobile
army operations, With the development of these air supported shelters the
technology of tent making 1s developing step by step from a traditional craft
to a branch of scientific engineering,

Cornell Aeronautical Laboratories and Massachusetts Institute of
Technology have performed several scale tests on radome and missile shelter
models, Cornell has produced a Radome Design Manual for spherical radomes
based on these tests, Design and fabrication of other than spherical tents has
been accomplished largely by extrapolation of the design data contained 1n
the Radome Design Manual and the individual designers personal 'feel’ for
the problem, A wind tunnel program was 1nitiated to investigate a wide
variety of models both spherical and cylindrical single and double wall.

The data obtained from these tests have been reduced and put in parametric
form to facilitate future tent design,

2,2 GENERAL CHARACTERISTICS

Air supported tents present the modern mobile army with many ad-
vantages over rigid structures. Some of the more important advantages
are listed below

RF Transmissibility - The air supported tent, as used to house radar antenna,
due to its thin walled construction, very nearly approaches the 1deal shelter,
1. e, a thin walled homogeneous sphere, For this reason the same radome
can be used for several radar systems of different frequencies,

Lightweight, Low Bulk and Cubage - The inherent characteristics of an air
supported structure provides a high structural efficiency, which results 1n
very low package weight, Use of thin flexible material for the envelope per-
mits the entire unit to be folded into a small package which facilitates ship-
ment and storage,

Ease of Handling and Logistic Support - Due to its low weight and compact-
ness, the air supported structure 1s one of the most portable of all presently
available shelters, The durability of the material used for the envelope
mininmized logistic requirements and maintenance, Standardization of the
basic tent sizes reduces the inventory requirement and makes the air sup-
ported structure adaptable to nearly all shelter requirements,
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SECTION 3 "

WIND TUNNEL TESTS AND ANALYSIS

3,1 TEST FACILITY

A series of wind tunnel tests was conducted 1n the Virginmia Polytechnic
Institute's 6 foot by 6 foot Stability Wind Tunnel under the direction of the
Hayes International Corporation, The VPI 6 by 6 tunnel was designed and
originally constructed at the Langley Aeronautical Laboratory of the National
Aeronautics and Space Adminmistration, The facility 1s classified as a con-
tinuous, closed jet, single return, subsonic wind tunnel with interchangeable
round and square test sections, The tunnel 1s powered by a 600 hp d, c.
motor driving a 14 foot propeller, Due to the presence of seven stainless
steel turbulence screens 1n the settling chamber, the tunnel 1s capable of
operating at a turbulence factor as low as 1, 08, (Effects of turbulence 1n the
air flow are seen as an increase in test Reynolds number as compared to a
similar test 1n free air.

The tunnel 1s equipped with a si1x component automatic null balancing
mechanical system for measuring forces and moments associated with models
mounted through the floor or sidewall of the tunnel during static model tests.
The output from this balance 1s fed into a readout printing system which allows
the operator to read the six outputs as printed tabulation,

3.2 DATA CORRECTIONS

3. 2,1 Balance Corrections

The resuits of the overall calibration of the wind tunnel installation
at VPI indicated that there were several manufacturing and installation errors
present in the machanical linkage of the balance system, These errors were
evaluated as interaction corrections and were applied to the various balance
readings as shown on the following page to give the true aerodynamic force
and moment values.

Factor x Balance Readings

True Readings

1. 000 Lift Reading

Laft

0. 996 Drag Reading Drag

Side Force

1l

0. 996 S, F, Reading + 0,004 Drag Reading




Rolling Moment

1]

0. 958 R. M, Reading + 0, 015 Laft Reading
+0.054 S, F, Reading

0,953 P, M, Reading - 0, 010 Lift Reading Pitching Moment

+ 0. 028 Drag Reading = 0,019 R, M, Reading

0. 939 Y, M. Reading - 0, 018 (Drag Reading ~ Yawing Moment

S. F. Reading)

These equations are presented in order to show that for the test runs
where one or more of the balance umts were 1noperative, the other readings
were not appreciably affected,

3, 2, 2 Horizontal Buoyancy Correction

The models tested were scaled only to the extent that the largest model
permissible in the test section for each configuration considered was used,

The conditions 1mposed on the tent models tested 1n a wind tunnel
are not the same as those found on full scale tents in free air, This test
program had the models mounted to a fixed ground plane with the air moving
past the model, The longitudinal static pressure gradient usually present
1n the test section produces extraneous forces that were corrected

Nearly all wind tunnels with closed test sections have a static pres-
sure variation along the axis of the test section due to the thickenming of the
boundary layer as it progresses toward the exit cone, This pressure grad-
1ent 18 usually negative and hence there 18 a tendency for the model to be
"drawn' downstream, This tendency of the model to be ""drawn' downstream
15 known as "horizontal buoyancy' and 1s usually insignificant for wings and
other relatively thin objects but may be of a significant value for more blunt
objects, In this test program several pressure taps were i1nstalled along the
tunnel walls adjacent to the model, For this special case, the longitudinal
pressure gradient was a straight line and the equation for this correction
becomes

D, = =S_ (dp/dl)dl

where S, 15 the model cross section area at station x, 11s the distance from
the model nose and dp/dl 1s the slope of the long:tudinal static pressure curve,
Since the summation of the model area times the incremental distancesZ Sxdl,

1s the body volume, this equation reduces to*

D}3 = - (dp/dl) (Body Volume)




Figure 1 presents the longitudinal static pressure gradient for a representa-
tive model tested in the VPI 6 foot by 6 foot tunnel, Taking the slope of this
curve and using the volume of a representative test model, 1t was found that
DB should be approximately 3, 6 pounds,

3. 2.3 Blockage Correction

The other correction required to be made on the test data 1s due to
the presence of a model 1n the test section which effectively reduces the area
through which the air must flow, and hence 1n accordance with Bernoulli's
law increases the velocity of the air as 1t flows over the model, This in-
crease of velocity in the vicinity of the model affects the dynamic pressure,
Reynolds number, pitching moment coefficient, lift coefficient and drag co-
efficient, A simple form of this blockage correction 1s

_ K (model volume)
SB S, 3/2

€

where K = 0, 96 for a body of revolution and S 1s the wind tunnel section area,
Again using the same representative test model as was used for the ""hori-
zontal buoyancy' correction 1t was determined that a representative value of
‘5R would be approximately 0, 012,

The equations to be used for correction of the wall effects encountered
in this program are summed below, The data with subscript '"u" are un-
corrected data based on free stream dynamic pressure, with the exception of
drag which must have the buoyancy correction applied before final correction
due to ''solid blockage'',

U = Uu (1 +eSB)
a = q, (1 +2e4p)
RN = RNu (1 +eSB)
CL = CLu(l-g-ZESB)
c CL
CM = Cl\,[_u (].-ZGSB)+ !
CD = CDu (1 - 3eSB)
2 d 2
where ¢ = Z— [—} 13 a model wake correction and "d" 1s the diameter
48 h

of the model used,




3.3 TEST ARTICLES

3.3.1 Model Configurations

A series of 26 air-inflatable, single and double wall tents of various
shapes were tested. The fabric used in the construction of the models was
the lightest fabric available and corresponded to approximately 1/10 existing
full gcale values, while model scales varied from approximately 1/20th to
1/40th full size,

Internal pressure was maintained within the models for support, A
remote air supply, regulated in the tunnel control room, was used to provide
these pressures within the cells and enclosure {see Figure 2 & 3) The en-
closure pressure, Pe, for single wall models was varied from 4/5 q to 5/44q.
Cell pressure, P, for the double wall models was varied from 5" to 30"

H, 0. Free stream total and static pressures were measured and referenced
to cell and enclosure pressures as shown in Figure 3, Enclosure pressure
for the double wall models was maintained at free stream static values,

Single wall models tested ranged in shape from spherical to cylindri-
cal with spherical ends, with width to length ratios of 1 2, 1 3 and 1 4, The
height to diameter ratios varied from 3/8 to 7/8. Envelope material varied
in porosity from 0 to 15 cu, ft, /rmn, /ft, 2. Ten of the 16 single wall models
were made of non-porous material,

Double wall models tested were all cylindrically shaped, Height to
diameter ratios varied from 3/8 to 3/4 for the cylindrical models and width
to length ratios varied from 1 1 to 1 4,

Table I sutmmarizes all model configurations, Photographs of typical
models are shown in Figures 4 thru 8,

3.3. 2 Model Parameters

In the design of wind tunnel test models 1t 15 of paramount importance
to insure that all principle non-dimensional parameters are scaled relative
to one another in the model as they are found in the full scale tents, Wind
tunnel models are also generally made to as large a scale as the test sec-
tion of the tunnel will allow without inducing adverse tunnel blockage, In
selecting the model designs for this program i1t was agreed that since the size
of the full scale tent 18 variable, each model configuration should be designed
to the tunnel blockage factor and made as large as possible without regard to
scale, To accomplish this prior to the design of the ground plane, an arbi-
trary figure of one square foot was assumed for the projected frontal area




of the ground plane. Assuming a tunnel blockage factor of 10 percent, as
recommended by Virginmia Polytechnic Institute, and knowing the assumed
ground plane frontal area, each model was designed to have maximum pro-
jected frontal area of 374 square inches, Using this frontal area, model
dimensions for the various test configurations were computed and are pre-
sented 1n Table I,

The exact dimensions of all existing and proposed full scale tents
being unknown, the models were designed allowing engineering judgement
and experience to relax the requirements for some parameters known or
felt to be unimportant and provide a wide variey of tent shapes of interest
to the Army for present and future application,

The design of a flexible model for wind tunnel testing 1s considerably
more complicated than a normal rigid model, whose shape essentially does
not change, To obtain aerocdynamic and dynamic simzilarity the following
parameters had to be kept the same for scale as for the full size models,

Geometric Shape - For no wind conditions

Inflation Parameter - Ratio of inflation pressure to free system
dynamic pressure

Reynold's Number - Ratio of inertia forces to viscous forces

Mach Number - Ratio of inertia forces to elastic forces

Froude Number - Ratio of inertia forces to gravity forces

Aeroelastic Parameter -Ratio of model diameter, fabric elongation

and dynamic pressure to fabric stress

Dynamic Parameter - Ratio of model mass to air density and model

diameter cubed

A model under conditions such that 1t has the same Reynolds and
Mach numbers as its full scale counterpart will have forces and moments
on 1t that can be directly scaled and flow patterns that are exactly the same.
If the body 1n question 18 reacting to gravity, the model should also be main-
tained at the same Froude number as its full scale counterpart,

The inflation parameter 1s of importance because 1t governs tent
stability, This parameter was investigated wherever possible to determine
the limits of tent stability, The dynamic parameter was allowed to vary with
model s1zing as the fabric used was the lightest fabric available of sufficient
strength to construct the models and the model size was dictated by the max-
imum allowable for the test section used, Based on the limmted observations
of the effects of this parameter during these tests, 1t 1s recommended that
the inflation parameter be maintained at a mumimum of 1, 0,

The aeroelastic parameter 1s 1mportant in matching the model de-




flections with those of the full scale tents Based on the fabric stress data
computer from the pressure distributions, this parameter can be compared,
However, no attempt was made to do so because of the overriding considera-
tions of fabric weight and model sizing as cited above., However, since the
bending stiffness of the model fabric 1s negligible, deflections noted in the
models are considered similar to those of full scale tents,

The Mach number parameter was i1rrelevant because of the low velo-
cities used for this test series. Based on past experience, below a Mach
number of 0 25, the elastic forces of air are at a minimum and can be
neglected

Therefore, the similarity parameters considered to be of major im-
portance were the inflation parameter and Reynolds number,

The values selected for the inflation parameter were 4/5¢q, 1 0 g and
5/4 q. In some cases, an estimate was made as to the value of P /q that was
required to stabilize the tent, It was found that this determination was an
individual estimate and therefore only the more severe cases of tent insta-
bility were evaluated The single wall non-porous tents were tested at all
three values of the inflation parameter. The single wall, porous tents were,
in general, tested only at a value of 1.0 q. The double wall tents were tested
at values of Pc/q equal to 3q, 4q, and 5g

The Reynolds number parameter determines the flow pattern as 1t 1s
influenced by viscous effects As major variation in flow usually occurs
below certain critical values of this parameter, it was desirable to test
scaled models above this critical value 1n order to provide more accurate
extrapolation of test data to full scale., At the lower test velocity of 35 mph,
several models fall below this critical value of Reynolds number, hence
the test data does not lend itself to extrapolation as readily as the data obtain-
ed from the other models, These conditions were adjusted to bring model
Reynolds number above the critical value and thereby enable the data from all
models to be scaled to full si1ze tents The Reynold's number for these tents
was based on the model diameter. Based on that reference length, past
experience and aerodynamic theory preadmt the critical value of Reynold's
number to be between 4 0 and 5 0x 10 The critical Reynold's number
establishes the lower values of test conditions 1n that major variation of flow
occur below the test conditions specified by the critical Reynold's number
Test data below the critical Reynold's number has little or no potential for
extrapolation to full scale tents and therefore was eliminated from consider-
ation 1n the design curves presented in Part 2.




The model fabric chosen was the finest gage possible considering
fabric flexibility requirements and fabrication., The fabric chosen may be
scaled to full size and 15 representative of those tents in service today.
Fabric porosity was also varied in the construction of the tents to provide
data of the influence of porosity on aerodynamic flow characteristics over
the tent,

3.4 MODEL INSTALLATION

It was determined that more reliable data would be obtained by mount-
ing the tent models on a ground plane suspended between the walls of the
tunnel rather than by mounting them directly on the floor of the tunnel.

The optimum size of the ground plane for this particular tunnel 1s
three timesg that of the longest model to be tested. The dimensions of the
ground plane are, therefore, 72 inches wide by 195 inches long. The models,
turntable etc., are mounted 1n the center of the ground plane within a 70 inch
diameter circle, The boundary layer bleed flap was sized and located on
the basis of the calculated boundary layer along the ground plane,

In order to better simulate the full scale tents, provision was made
to enable the test conductor to exercise a lirmited amount of control, through
adjustment of a bleed flap, over the boundary layer thickness in front of the
model, To determine the desired setting for the bleed flap that best simu-
lated actual cond:ifions over the ground, a boundary layer survey was made,
This survey investigated dynamic pressures at heights varying from the
ground plane surface to approximately two inches above the surface for
varying bleed flap settings,

These dynamic pressures were plotted versus the height above the
surface, The height at which the dynamic pressure recovers to 90 percent
of the free stream 1s defined to be the upper limit of the boundary layer,
The results of this survey are presented in Figure 9, The curve corres-
ponding to slot openings of 1, 0" and 1. 5" was chosen for subsequent use as
1t was felt that this produced a flow profile which more closely approxi-
mated actual free air conditions, Therefore, the data from these tests are
restricted to ground mounted structures only,

The bases of the models were attached to the ground plane by means
of cantilevered anchor springs fabricated from 17-4 PH steel heat treated
to the TH1050 condition, Figure 10 shows typical strain gage installations at
the anchor point and guy line positions, These anchors were spaced about
the periphery of each model as shown i1n Figures 86 and 87, Double wall
models were secured by guy wires in addition to the anchor springs,
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The mounting plate loads were measured on the earlier tents by re-
moving the tent and model base, covering the turn table and measuring the
loads as the tunnel speed was varied through the test range. On the later
models a dummy tent was constructed of plywood and fiberboard and sus-
pended above the model base, Both methods were used at all test yaw angles
and gave equally reliable resutts,

3.5 AERODYNAMIC FORCES, MOMENTS AND ANCHOR LOADS

The aerodynamic forces and moments were recorded in pounds and
foot~-pounds respectively in the wind axis system. The wind axis system has
three orthogonal axes, one oriented 1n the direction of the wind with drag
positive 1n the downstream direction, another oriented in the vertical direc-
tion with lift positive in the upward direction, and a third oriented in the
lateral direction normal to the former two with side force positive to the
right when looking upstream, See Figure 11. These axes are fixed in the
wind tunnel and do not vary with yaw angle. The sign convention for yaw
angle measurement 1s also included in Figure 11.

The anchor load data were recorded on an SR-4 Strain Scanner and
Recording Unit, The deflections measured by this unit were then transferred
to computer load sheets for automatic data reduction. The reduced data
were presented as individual anchor load and anchor load coefficient and
total anchor load corrected for both inflation pressure and the ratio of total
number of tent anchors to the number of instrumented anchors used.

The aerodynamic force and anchor load data were reduced to dimen-
sionless coefficient form by dividing the force in pounds by the product of
dynamic pressure times the reference area. The aerodynamic moment data
were similarly reduced to coefficient form by dividing by the product of
dynamic pressure times the reference area times a reference length, These
coefficients are defined as follows

Coefficient Equation
Laft C, = L/gS
Drag Ch = D/ qS
Sideforce CY = Y/qS
Pitch =
1tching Moment Cu M/qu
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Coefficient Equation

Rolling Moment CR = R/qSt
Yawing Moment Cy = Y/qs
Anchor Load CAL= Anchor load/qS

Corrections for tunnel bolckage were applied to the data in coefficient form

The static pressure distribution data was reduced to coefficient form in
accordance with the following equation

. PE - Poo
P q o
where
IE'-’2 = Local static pressure (at tent surface)
POo = Free stream static pressure
Uy Free stream dynamic pressure

The maximum values of the aerodynamic and anchor load coefficients
computed were determined and plotted as functions of tent height to tent
diameter and the tent width to length ratio

Twenty-s1x single and double wall tents were tested to 105 miles per hour,
It should be noted that the single wall cylindrical shapes tested differed
from the double wall shapes in that the ends were spherical for single wall and
flat for double wall The aerodynamic force data are discussed below

Laft

From the 1ift coefficient, defined as C. = L/gS, 1t can be seenin Figure
13that C; increases almost linearly with %ﬁe ratio of height to diameter for
single wall spheres. Fabric porosity of 10 - 15 cu. ft /min, sq.ft resulted
1in the minimum CL for this shape,
Cylindrical single wall tents exhibit a mummum 1i1ft coefficient at a height
to diameter ratio of 0, 5, as shown in Figures 14 and 15. However, a width
to length ratio of 1 2 results 1n a more moderate C. at h/d < 0, 5 than the
W/phof 1 4. The reverse 1s true in the case of h/d ~ > 0.5, -
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Double wall, cylindrical shapes show a moderate decrease in Lift co-
efficient as h/d increases, as can be seen from Figure 16  Width to length
ratios of 1 4 resulted in a considerably higher CL than that of 1 2.

Drag

Single wall, spherical shapes show an increase 1n drag coefficient with
increasing h/d as presented in Figure 17, Slight fabric porosity 0-5 cu, ft /
min, sq, ft., reduces C_ moderately whereas a further increase 1n the poro-
sity 1ncreases CD back to non porous values,

Single wall cylindrical shapes of 1 & width to length ratios (Figure 18),
indicate a moderate increase 1n C_ with increasing h/d but have C_'s con-
siderably lower than shapes of W/?h= 1 4 at lower h/d values. (Fig™ 19)
Increasing fabric porosity increases the CD for cylindrical shapes.

Double wall shapes with an h/d less than 0. 5 exhibited lower drag co-
efficients than did the single wall shapes (Figure 20). However anincrease
1n h/d above 0. 5 resulted in much higher C_'s for the double wall shapes,
Variation in width to length ratio caused a moderate increase 1n CD with
an 1increase 1n W/()h,

In summary, it appears that spherical shapes exhibit lowest drag co-
efficient with h/d An increase in W/g or h/d results 1n an increase 1n drag
coefficient for cylindrical models,

Moments

Moment coefficients for single wall spherical tents were quite low at
low h/d values, and increased to a fairly constant value at h/d> 0.5, In-
creasing porosity to 0-5 resulted in the lowest values of Cy, while a further
increase 1n porosity increased CM to near the non-porous values., (See Figure
21).

Single wall cylindrical shapes show a slight increase 1n C_ with increasing
h/d values, Increasing w/l ratios raise Cy( values markedly = Fabric poro-
sity values of 0-5 and 10-15 reduced the C. . considerable in W/¢, ratios of
1 2 and cause a moderate decrease in C at Wh. ratios of 1 4 = (See Figures
M h
22 and23

Double wall shapes reflected a moderate, linear increase 1n C, with
increasing h/d ratios, (See Figure 24), The moment coefficients decreased
slightly with a change 1n Wf, ratio from 1 1 to 1 2, but showed a marked de-
crease with awlghratm of 14,

13




Anchor Loads

Anchor loads of a fabric shelter are the result of aerodynamic forces
acting on the tent external surface and the enclosure pressure within the
body. The anchor load coefficient 15 defined as CAL = F/qSt. These are
plotted in figures 25 and 26,

A guy line coefficient, defined as C = guy line load/qS_, 1s used to
determine vertical loads on the guy lines =~ for double wall mofélels. These
are plotted in figure 27 . These coefficients represent maximum aerodynamic
loading with 1nflation pressure effects eliminated. Enclosure pressure 1s
another variable which further influences anchor loads and must be considered
jointly when determining total anchor loading,

3,6 TENT DEFLECTION AND STABILITY

3,6,1 Tent Deflections

Tent deflection due to wind load was measured through use of a (fixed-
pos:ition still) camera Film negatives of no-wind and test-wind conditions
having the same enclosure ( and cell) pressures were superimposed to pro-
vide accurate deflection measurement, Data were measured using a back-
ground grid and recorded for deflection areas at the front, top and rear of
each tent using the symbols and sign conventions of figure 28, Corrections
were made to the measured data for camera position relative to tent and grid
locations, Maximum deflection data were then plotted as a ratio of tent
deflection to tent radius, §/r, versus the ratio of tent height to tent diameter,
h/d, for all twenty-six models,

The effect of porous fabric on reducing single wall tent deflection was
investigated, however, only non-porous fabric was used in the construction of
the double wall tents. Also, the independent effects of cell size, cell pressure
and enclosure pressure on test deflection for the 3/4 cylindrical, double
wall tent with 1 1 width to length ratio were determined., Table II shows
relative cell sizes for these double wall tents, The deflection data curves
are presented in Figures 29 30, 31, 95, 96, 97 and 98

A more comprehensive number of tent shapes and sizes of the single
wall non-porous variety were tested, hence, 1t 1s felt that these data are more
conclusive, In the case of double wall tents, the curves appear as a straight
line connecting two data points. Additional double wall configuration tents
are required to better define curve variation, however, due to the general
concave curve shape for single wall tents i1t 1s believed the double wall data 1s
conservative in the h/d range of 0,5 - 0.6, but less conservative at higher
ratios
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With respect to deflections, the following general conclusion may be
made* Tents with low-porosity fabric, 0-5 cu, ft, /mun, /sq. ft. @ 6" w. g,
pressure, showed measurable reductions i1n deflections. Tents with a h/d
of approximately 0, 5 have the smallest deflections. Spherical single wall
tents have smaller overall deflections than the cylindrical tents, For the
double wall tents, an increase 1n cell size, cell pressure and enclosure
pressure provide greater tent rigidity and result in less tent deflection,

Also a double wall tent guy line configuration with lines attached at 0,80 and
0. 40 tent height, with angled corner guy lines, produced smallest deflections,

3.6,2 Stability

As part of the test program, tent stability was qualitatively investigated by
defining 1nstability as any set of conditions producing tent deflection and
vibration which, when coupled together provided objectionable tent motion.
Degree of motion determined visually during testing and from motion picture
reruns of tests, The effects of changes of fabric porosity, enclosure pressure,
cell size and pressure and guy line location were evaluated where applicable,
The following general conclusions may be made relative to tent stability,

The single wall tent configurations, with the exception of the 7/8 sphere
and all 1 4 width to length ratio cylindrical tents were found to be very stable,
For these tents, motion 1s more pronounced with a wind at 45 degrees attitude,
Other spherical and the 1 2 width to length ratio cylindrical configurations
exhibited very stable properties at all test conditions,

The double wall tents had flat ends which contributed to flow separation
and lesser stability than the single wall tents with spherical ends, The 3/4
cylindrical, 1 1 width to length tents were not 'true' cylindrical tents but,
rather, had flat sides which may have contributed to this configuration's
lower stability,

‘When some deflection and vibration 1s acceptable, the tent shapes tested
withstood hurricane force winds without the use of guy lines, Double wall
tent anchor loads were not measured for the no-guy line condition.

To munimize double wall tent corner deflection and motfion, which occurs
primarily when the tent 1s oriented 45 degrees to the wind (corner into the
wind), guy lines angle 45 degrees to the tent side should be attached to each
corner of the tent at a pownt 0, 8 tent height and make an angle of approx:-
mately 45 degrees with the ground, Corner and end deflections were more
pronounced on the double wall tents, believed aggravated by the flat ends,
and no complete elimination of corner deflection at the 45 degree attitude was
found.
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The best guy line configuration consists of a combination high (0, 8 tent
height) and low (0,4 tent height) line arrangement, with the upper guy lines
angled 45 degrees to the tent side and the lower guy lines perpendicular to
the tent side when viewed from the top of the tent,

Cell pressure (enclosure pressure for single wall tents) 1s an important
factor in controlling tent motion, Although permissible tent deflection, as
required by tent usage, could establish pressure requirements, tests indicated
that only for cell pressures equal to or mm-excess-of the tent dynamic pres-
sure did both good stability and deflection characteristics exist From a
stability standpoint at 105 miles per hour, no significant gains were achieved
beyond an 1nflation pressure of 16 inches water gage, Also only small de~
flection reductions occurred for higher pressures up to 30 inches water gage,

Tent cell size was also observed to be a factor in providing better tent
stability since an increase 1n cell size was more rigid for the same cell 1n-
flation pressure, A prime consideration in increasing cell size, 1s that, for
the same enclosure volume the tent overall size and weight increase rapidly

Single wall tents with low fabric porosity (0-5 cu ft, /min, /sq ft @ 6"
w. g. ) exhibited lower deflections, i1n general, than non-porous tents and
possessed equal or better stability characteristics

Double wall tent enclosure pressure should be maintained at ambient or
low positive pressure to preclude cell buckling, Test with enclosure pressure
less than ambient exhibited a critical buckling tendency on the windward
(forward) side of the tent,
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3,7 DOUBLE WALL TENTS

In the design of a double wall tent, weight and enclosed volume are of
prime 1mportance, For this reason, weight to volume ratio 1s theoretically
optimuzed in the following study, Results of the study provide relationship
between number of cells and cell sizing (see figure 44). Over-all tent
dimensions are dictated by functional requirements, Continued effort is
necessary for true optimization of weight to volume and strength,

Study of strength requirements 1s summarized 1n paragraph 3.7 2 and
insludes stress theory which 1s utilized in analysis of models tested. The
results of stress analyses of tents subjected to wind tunnel airloads are
presented in curve form on figures 33 thru 43

It 15 anticipated that a more general approach to double wall tent
design will be included 1n a later revision. The revised approach
should provide for cell sizing and weight optumization such as indicated
by application of Figure 44 and should also facilitate sizing and analyses of
cylindrical double wall tents of variable geometries within the proportions
tested.

3.7 1 Geometry Study

To effect a least weight analysis, it 1s necessary to derive approximate
relations for the weight and enclosed volume of a tent The cross-sectional
area mmside the tent shown in Figure 32 1s approximately

A, = r(rc[:B + 2 csc <{>B) + (r? +h;)cot ¢n (1)

The enclosed volume 1is Aceh or
- 2 2 2
Vv 2n T, sin &, [r (rq)B + Zhrcscch) + (rc + hr ) cot ¢B] (2)
The weight of the fabric used to form n cells 1s
Wt = 4ﬂ[rc 2n o:c+ (n +1) cos aglgr + rc)((bB + cotth) + hrcsc (@B:I (3)

wherefl = fabric weight per unit surface area, The other parameters are
shown i1n Figure 32,
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To obtain a least weight design, we require the maximum volume to
weight ratio, Dividing equation (2) by equation (3), and definming y =V/Wt,

2 2
n s o [rc(rth + Zhrcsc ¢B) + (r¢ + hr } cot 43]_3;]

Y © 3 [2 n ac+ {n +1) cos agﬁr + IE:) (¢B + cot d‘)Bﬁ-hrCSC ¢B:| )

The intended use of the tent would set certain of the parameters, r,é_, h,

and n, which would be a function of the length, and strength requirements

would determinefl The two remaining independent variables, @ andr , deter-
mine the cell configuration directly, To establish whether or not Y obtains

a finite maximum with regard to o andr, we take the partial derivatives of
y with respect to a, and rc, and s&t therfn equal to zero

3]
From —— = 0, we find that no maximum exists, so for minimum

ar
weight, the smallest radius practical should be used, The radius will there-
fore be dictated by strength and stability criteria,

Taking the partial derivative of y with respect to a,r and defining

2 2
o - [:n r (1'c1>B + Zhrcsc ¢B) + (re + hr) cot ¢B] ’ )
T2 _Q[(r +1)(by +cot ¢B) + hrcsc ¢Ez|

we obtain
Yy _ C 2n (gcos o~ sin o} + n +Hl (6)
Bac— 2nat (n+1) cos acz

Setting equation (6) equal to zero, we find that

SN &@- @COS @ = o tl (7)
c ¢ c

The maximum (if 1t 15 2 maximum) value of vy 1s, then, dependent only upon
the number of cells, n, As a lirmting value,

limat n +1

noo n - Y2 (8)

so that for large values of n,

sin e~ acos a= 1/2 (9)
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A trial and error solution yields afc= 68° - 54!, Obwviously, forn =1, a=90°,
c

Since there 18 only one root of equation (9) for 0 £ ac< 90°, to determine if
this 1s 2 maximum value, we examine the sign of 9y /8a,on both sides of our
solved value of a, Setting n = 10, from equation (b)

8y _ C
5 a, = 20 o 11 cos af‘)'z (20 acos - 20 sin at11) (10)

Since the brackets in equation (10) will always be positive, and we are unin-
terested 1in the magnitude of equation (10), we examine only

20 (arccos @~ sin afc) + 11, (11)

Setting (11) equal to zero, we find that o ~ 71, 5° forn = 10, Now setting

a= 50° 1n (11) yields a positive sign, and o= 85° results in a negative sign,
Simialr results are obtained for all values of n, so we have the desired
maximum volume to weight ratio in terms of gas a function of n, Figure 44
1llustrates the variance of A andn for maximum vy

As an 1llustration, consider an existing tent which we shall refer to as
Tent 1, It has the following parameters n =12, =15o0z,/sq.yd,, r =9' -
6", hp= 2" « 6", $g = 81°, rc=10", and o= 35° - 48', Using equations (2)
and (3), we find that V = 2234.1 cu, ft, and Wt =166, 5%, The tent 1s 140 4"
long, The weight, as given in the above reference 1s 264# for the shelter
section, This extra 97, 5# 1s comprised of such items as carrying handles,
zippers, weather seal flaps, local reinforcement, stitching, etc.

We shall now redesign Tent 1, varying only a.and n and call it Tent 2
This way we can retain approximately the same volume, and reduce the weight,
Our cell width w21l be approximately 2 r sin 70° =18.8". We require then,
that nz 140.4/18.8 = 7. 5, From Figure 44, forn =8, a =72° Again
using equations (2) and (3), V = 242l, 6 cu. ft,, and Wt = 149. 3#. The length of
Tent 2 1s 152, 5", Since the weight of the miscellaneous items on Tent # 1
will be approximately the sam for Tent #2, we wind up with a shelter section
weight of 246, 8#, These changes are tabulated below for easy comparison, and
Figure 45shows the relative sizes of the tent cells,
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Tent Tent Absolute Percent

1 2 Difference Difference
n 12 8 Down 4 33
o 35° . 48! 72° - 00! Up 36° -12! 101
Volume 2234, 1 ft.3 2421, 6 ft.3 Up 187, 5 ft.3 8
Weight 264, 0# 246, 84 Down 17, 2# 7
Length 140, 4" 152 2n Up 11 8" 8

3.7, 2 Strength Study

It 1s apparent that geometric optimization alone 1s 1nsufficient for com-
plete weight control, Selection of fabric must be made with full consideration
of material strength to weight ratio, While no formal procedure 1s developed
herein for fabric selection 1t 1s recognized that proper fabric design and/or
selection can have paramount effect on the attempts to muinimize weight,

Study of physical properties of fabric 1s a significant and separate endeavor
which should merit additional research and development outside the scope of
this contract. Principal criteria for fabric weight optimization should require
high strength to weight ratio and mimimum safety margin

Stresses 1n a cellular structure can be fairly accurately predicted by
ordinary methods of structural mechanics so long as tensile stress 1s main-
tained throughout the fabric. Since fabric 1s ineffective in compression,
wnrtial buckling occurs when one principal stress is positive (tensile) and the
other principal stress 1s zero, An inflated cellular structure with cross
section as shown 1n figure 45 when subjected to applied loads will commence
initial buckling when the compression stress due to applied loads equals the
tensile prestress due to cell inflation, In the tent structure, the meridional
stress resultant (pounds per inch) due to applied load 1is

N _PA . Mrc
b Ac - I

and the meridional inflation stress resultant 1s P A /A .
¢ e e

where
I 1s the moment of inertia (in. 3)
rc 18 the cell radius (in.)
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PA 1s meridional force (pounds) resulting from applied load

M 18 meridional moment (inch-pounds) resulting from applied
load,

AC 1s fabric length 1n cross section (in. ).

PC 1s inflation pressure (psi)

A 1s cell enclosed area (in?)

Specifically, referencing figure 32,

I = 2r3 n{a+smmacosa)+1/3 (n +1) cos 3a (1)
c c c c
A = 2r®n (a+sin acos a ) (2}
e c c c c
A= 4nr a+2{n+l)r cos « (3)
c c c c c

The initial buckling moment (M, ) 1s reached when the stress resultant
due to meridional moment equals the net stress resultant from inflation
pressure and meridional force due to loads, Equating stress resultant from
applied load to stress resultant from inflation pressure,

Transposing and solving,
v (PcAe - PA) I
b~ r A

c c

4)

Substituting equations 1, 2, and 3,

n P - 3
rc(Z x’n C)(ozc+ s1in acos cxg P n (ac+ s1in accos a(): +1/3 (nH)cos ac

A
M =
b Znozc + (n +1) cos afc (5)

The ultimate collapse moment 1s reached when wrinkles have progressed
across the cross-section a distance b = r. 1+ o+ cos ar- sin ac) as shown 1n
Figure 46, The width of the cross-section at collapse 1s assumed unchanged
since all but the end cells are restrained from lateral expansion At ultimate
collapse the total meridional force 1s carried by the surface skin, The total
meridional force acts as a couple with moment arm equal to b-r = rc(ac+ cos & -
sin ac) as indicated in Figure 46. The ultimate collapse momeént 1s
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M, = (PA-I- PCAe) (ozc + cos o - sin ac) nr (6)

C
P +P A
A C e [-- |~ - - ’-1
T ™ (@ +c )
P +P A r (e oS a -sin o
c e
A b g
r
I c
Fig., 46 Zrc sin o

The double wall tent 1s analysed as an arch structure comprised of a
series of connecting beam elements of arbitrary lengths chosen to fit the
load pattern and also to provide a smooth pattern of discrete valves of
internal forces, meridional moment, mer:idional force, and radial shear
Analysis utilizes the theorem of least work and 1s programmed on the Havyes
IBM 1620 computer, The tent 15 first analysed with no buckled section
When analysis indicates that a buckled section exists according to relation
(5), a new flexibility coefficient 1s inserted at the buckled section and computer
analysis i1s continued, The new flexibility coefficient allows a near-pinned condi-
tion ‘at that point,

Results are then printed out in keeping with the following relations

Meridional stress resultant,

o . 'Mrc +PA+PcAe .

Hoop stress resultant,

Nh = (Pc - Pr) rc (8)

where P_ 15 internal pressure
c

Pr 15 external pressure

Web stress resultant,

Il

N

w Nh (2 sin ac), By equilibrium of the skin-web junction

N

- (Pc - Pr) 2 T osmna (9)
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3.7.3 Stablht\i

Static instability of an "m!" times redundant structure will occur when (m + 1)
points have buckled. Since the tent fabric cannot carry compression load, static
instability 18 also assumed to occur when the axial compression load equals the
ax1al tension load due to inflation pressure.

3.7.4 Analxsus

Three arbitrary tent sizes were used as analytical models., They are i1denti-
fied as

Tent #1 - h/d .5, d = 238 1inches

Tent #2 - h/d .75, d =194 1nches

Tent #3 - h =163 1nches, d = 266 inches, this tent has flat sides 9% from
vertical

All analytical models had guy lines attached at approximately 0. 80 tent height,

Pressure coefficients were taken firom wind tunnel data and converted into
a two-dimensional pressure distribution around the tents for q =,6, 3, and 6
inches of water (gage), It wes assumed that the wind load did not vary along
the length of the tent, and average values of the pres sures along the tent length
were used in the analysis, Shear, moment and meridional forces were obtained
for each loading by the theorem of least work using the IBM 1620 computer. The
collapse moments and axial loads were computed for all combinations of w/d =
0.080, 0.12, 0.16, P = 3q, 4q, 5q, and & = 30°, 60°. When the actual moment
exceeded the collapse moment for any coﬁdltlon, new flexibility coefficients for
the collapsed point were inserted into the computer program until the actual
moment was lowered to equal the collapse moment. The load redistribution by
the above method did not give additional collapsing moments, therefore, model
instability due to moment did not exist. When the meridional compression force
exceeded the tension force due to inflation pressure P the tent was assumed
unstable,

For all stable conditions, the maximum fabric stress resultants were
computed and graphed vs. g in inches of water {gage). Fabric web and hoop
stress resgultants calculated and graphed as a function of cell radius, internal
pressure and cell angle, o .

3,7.5 Conclusions

When using the design curves as derived from this study, the designer
should not deviate significantly from the over-all tent proportions from which
the curves are deterrmined, It i1s anticipated that a more general design
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approach will be provided 1n a later revision The revised approach should
allow more latitude 1n cell sizing and weight optimination Resuits of the
welght optimization study are presented on Figure 44 which shows optimum
values for o between 69 aénd 90 ', however, for least fiber loading, o should
be equal to or less than 30 . Therefore, in the final design approachf trade-
off must be made between weight/volume optimization and strength,

In the strength analyses, the maximum stress resultants were found 1n
either the hoop or web stresses. For a cell angle, @ equal to o less than
30, the hoop force 1s greater, For cell angle greater than 30, the web force
1s greater. In each model analyzed, the meridional stress resultant 1is least
of the three components tabulated.

It was also observed from the strength analyses that the maximum fabric
loading does not vary appreciably with height to diameter ratio, but does vary
significantly with cell width to tent diameter ratio, w/d, and with cell internal
pressure, P , as evidenced by the curves of results obtained As w/d 1s
increased, wind load capability 1s increased by virtue of increased stability,
As P 1s increased, wind load capability 1s increased by virtue of increased
pre-sf:tress and hence, increased stability. Increase in w/d or Pc also effects

increase 10 maximum design stress,

Analysis results indicate that most models with w/d ratio of 0, 08 were
unstable according to the criteria of paragraph 3,7 3, that 1s, calculated
meridional compression force (-P ) 1s greater than meridional inflation force
(P A ). However, since these mo‘%els did not collapse during the test, it can
only Be concluded that these designs are marginal in acceptability and analysis
as performed herein 1s considered inadequate for these models, Results of all
successful analyses are presented in Figures 33 thru 43, These curves are
suitable for use as design curves,
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3,8 FABRIC STRESS - SINGLE WALL TENTS

3.8.,1 Introduction

The analytical determination of stress distribution in any membrane
under non-uniform pressure loading requires a satisfactory analytical
representation of the pressure distribtuion which can then be applied to a
suitable shell theory, Expressions for wind loading on spherical and cylin-
drical shaped surfaces are obtained which are considered to be reasonable
approximations, relative to the experimental pressure data, for the purposes
of thas analysis,

In the past, the tent designer has used a crude stress analys:is and a
large factor of safety to conveniently provide structure capable of carrying
a given wind load, However, the need to optimize tent structures had created
the desire for a more refined analysis of stresses Although the present
analysis 1s approximate, 1t 1s a significant step in refiming the structural
analysis of air supported tents,

3.8. 2 Application of Membrane Theory of Inflated Tents

Although this analysis uses the membrane theory to determine internal
loads 1n the fabric structure of inflated tents under wind load, there are some
obvious errors in its application, Whereas the membrane theory 18 predicated
on a homogeneous, elastic material having inherent shear resistance and an
equilibrium condition which assumes no distortion of the membrane, a single-
ply fabric 1s 1inherently capable of resisting only bi-axial tension loads 1n the
directions of the weave fibers, However, in the case of an inflated fabric
structure, when tensile stresses are present due to internal pressure, external
compressive loads may be taken by a reduction 1n tensile stress, If tensile
stress 1s relieved to the point where the material fibers try to go into com-
pression, the fabric in this area will develop wrinkles normal to the direction
of zero stress,

Although typical past design criteria have required the inflation pres-
sure to be maintained at a sufficiently high level to keep the fabric in tension
in all areas in order to prevent such wrinkles, such a requirement may be
unnecessarily severe. The relief of tensile stress 1n one principle direction
of the fabric weave, due to external compressive load, may cause some
increase 1n tensile stress in the other weave direction from load redistribution;
but this increased stress will be no greater, and probably considerably less,
than the additional stress induced by increasing the inflation pressure to
eliminate wrinkles, It i1s further noted that local buckling of this type may be
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readily tolerated, especially under extreme operating conditions, since the
deflections do not constitute failure and would be expected to bring about re-
duction 1n peak stress values,

To accommodate shear load as a component of diagonal tension with-
out the excessive distortion caused by reorientation of the weave fibers,
the usual practice 1n tentage design 1s to select a fabric of two-ply con-
struction with the bias ply oriented at an angle of 45 degrees with respect
to the other ply., Although this appreciably reduces the distortion, the fabric
does not follow the linear membrane theory., A non-linear theory has been
initiated, but much work remains to be done to make 1t a practical analysis
technique, Despite the inadequacies of the linear membrane theory in 1ts
application to inflated fabric structures, it 15 the best analysis technique
presently available,

3. 8.3 Pressure Distribution Analysis

The fabric loads analysis which follows was based on measured ex-
ternal pressure distributions obtained during the wind tunnel test series, The
method of measurement chosen was to section the tent off by rows and
columns, At the intersection of each row and column a light weight tube
was attached to the fabric on the inside of the envelope. A small orifice was
then drilied through the fabric and into the tube thereby forming a surface
static pressure tap., The number of pressure taps per tent model was
determined primarily by the model size with some consideration being given
to areas of constant pressure distribution, The locations of the pressure
taps for two models are presented 1n Figs., 83 and 84,

The method of measurement of the test pressures was discussed in
Paragraph 3.1 and the details of data reduction in Paragraph 3,9, These
tests indicate somewhat different pressure distributions than those around
tower mounted radomes due to the presence of the ground plane, The boun-
dary layer associated with the ground plane 1s discussed in Paragraph 3 1,
however, it 1s noted that the boundary layer thickness was adjustable and
was set at values deemed reasonable for ground mounted structures A
discussion of model sirmlarity and data extrapolations 1s also discussed in
Paragraph 3, 1.

Past work on spherical radomes has approximated wind load distri-
bution with a three term trigonometric series, assuming symmetry about
the wind axis, Comparison with higher degree series utilizing wind tunnel
data shows that a considerably better approximation can be obtained with
an eight term expansion,
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3.8,3,1 Truncated Spherical Shape

To express the pressure distribution analytically, 1t i1s necessary to
determine the angles ¢ and 8 They were determined from the models as
follows,

S
$
Wind Direction
S¢ = Arc length from vertical axis of rotation to angle ¢ 1n a meridional
plane containing vertical axis of rotation,
S
6 =t
6 = 27N

where N = No. of columns from stagnation plane 6 = 0 to given € divided
by total no. of columns around the spherical model Columns are the grid
lines 1n the meridional direction,
sin ¢B ={1 ¢ q )
d-ah
d

cos ¢B =

For the purpose of spherical shell membrane analysis, the wind load
can be expressed as a trigonometric series in the angles ¢ and O (assuming
symmetry about the plane 8 =0°, 6 = 180° ),
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P N n n N
—$0 =Z A sin $cos 8= p ($) cosnbd
1 o ™ o *

where P = pressure on shell surface minus free stream static pressure
q = dynamic pressure (1/2 p U?)

Through a computerized curve-fit program using the principle of least
squares, 1t was determined that N = 7 yields optimum results with regard
to accuracy of fit and time expended, The computer program uses poly-
nominal curves of the form

N
Zwo9=2 a x>
q 0 n

n n n
So setting X =sin  ¢dcos 6, N = 7, we have

X? 1

X = sndcos 0

X% = % sin® & (1 + cos 2 6)

xX?® = %s1n3 $ (3 cos €+ cos 3 6)

X% = é- sm4¢{3+4c0529+cos49)

X5 =I—sm5 $ (10 cos 6+ 5 cos 30+ cos 5 6)

o~

1
X¢ =?lz sinf ¢ (10 + 15 cos 204+ ¢ cos 46+ cos ¢ 0)

X7 =-6i4- sin” ¢ (35 cos 8+ 21 cos 30+7 cos 5 8+ cos 78

Collecting like terms of cos n 6, we find that

= L 2 3 3 5106
Po(¢) —Ao+zAzsm a.+-§A4-}-16 A651n¢
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P, {§) = A, sind + % Az sm3 ¢ + % Ag sin® ¢ + —2—2‘ A, sin’ ¢
1 ] 15
P, ) = > A, sim? ¢ + > A, sm* &+ 32 Ay sin® ¢
1 5 21
Ps ) = Y Ay sin? ¢ * 1% Ag sin® ¢ vy A, sin’ ¢
Py (d) = L A, sin? &+ 2 A, sinb
4 Tg 4 16 6 ¢
P ()—iA s1n5¢+iA sin’ ¢
5 q) - 16 5 64 i
1 ¢
Py (&) =5-£“ Ay sn® ¢

P, @) =75 Ay s ¢

3,843, 2 Cylindrical Shape with Spherical Ends

The broadside wind load 1s considered to be the most critical for the
cylindrical portion of a tent There 1s assumed to be no variation in the
wind load to ¥ (the distance along the axis of the cylinder) so that we take
the pressure coefficient expression in the form

P N n
~f) =% A sin ¢
qQ 0 n

As was done for the spherical shell distribution, the assumed curve 1s fitted
to the wind tunnel data through a least squares analysis

!
To express the pressure distri-

bution on the spherical ends of the /
cylindrical models, it was necessary / /
gl

first to determine the angles @«and 8, S o ot '

and then convert to ¢,  coordinates, / AV
The angles aand B were found from nd I a /_—/j’

the models as follows. N(BS— ///

! . 00
\\,,9
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Sa= Arc length from stagnation axis for yaw angle equals 90° to

angle @ 1n a meridional plane containing stagnation axis

S[3 = Arc length from vertical axis of rotation to angle P 1n the plane

normal to the stagnation axis and containing vertical axis

S
5="r‘p—

The conversion from e, B to ¢, 6 coordinates takes the following form

1nd

b = Yaw Angle -

Note s and ©are positive counter-clockwise from wind direction

COS & = sin ¢ CcOs 9(7“' -y + 6)
s1nasmﬁ=sm¢s1n(% -y + 9
cos? o
cos 2 (5 -y + 6 =1- sin? (g"--q;+e)=gfz——¢;- (1)
sin? (& +e)“51n2 asin’ B
n T - v - s1n2¢ (2)
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Adding equations (1) and ( 2) gives

cos? o + sin?

@ sin® B =1
s’ ¢

sin® ¢ =1- cos® ¢ =cos? a+sin? esin’ ¢]

cos? ¢ =1« cos? a- sin? asin? B =sin?® ol - sin? B)

cos ¢ = sin acos P (3)
¢ - cos "' (sin acos B)

Equation (1) by identity 1s

cos? a

cos? (g‘ -4y +6) =l—m

By substitution of equation (3)

2
2,1 _ _ cos’ o
cos” (2 ¢+9)~1_szacosz B
cos (T-é— -4 +6) = coszaf T
(1 -smn"a cosZB)
® = cos™ [ cos _L:I + Y -E— (5)
(1 ~sin acos: B)*°
For (1 - sin® acos?B) %, take positive root

Now we can express our pressure data 1n terms of ¢ and O, and pro-
ceed with the solution just as 1s done for the truncated spherical models

3.8.4 Membrane Stress Analysis

The analysis of stress resultants as presented here 1s not entirely
original. The governing system of differential equations and their general
solutions can be found in many texts on the theory of shells, They are
reiterated here, 1n anticipation that not every designer has this literature
readily available, nor is proficient in the mathematics involved,

The results of this analysis are presented as stress coefficients,
N /qr, Ng/qr, Ny, /qr, Ny /qr, and N_ /qr on the computer print-out
slq)eets. In addition, graphs of these sthess coefficients are presented
as functions of ¢, 6, and x.
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3,8, 4,1 Truncated Spherical Shape

Stregs Resultants

The equations of equilibrium for a spherical shell element with a

distributed radial load are

.58‘; (N¢s1n¢) +5% (N¢e) - Ne cos¢ =0, {1}
d &
5-5 (N¢6 sind) +358 (Ne) + N¢BCOS¢ =0, (2)
Ndp + Ne =- P (¢ 0r, (3)
where
N¢ = meridional stress resultant (pounds per inch)
NB = circumferential stress resultant (pounds per inch)
N¢0 = shear stress resultant (pounds per inch)
Pip, 6) = radial load fpounds per square inch)
r = tent radius (inches),

From equation (3),

Ne= - Nq)- P(q))e)r
Substituting equation (4) into equations (1) and (2), we eliminate Ne, yie
) 9
5y (Nesmé) g5 (g [Nq) + P8 r—l cosd = 0 (5)
9 9 )
5-4—; (Nq)esmcb) ""5? [- Nq) - P O J + N¢ecos¢ =0 (6)

For a wind load, which 1s symmetric with respect to the plane
@ = 0°, 6=180°, the general solution of equations (5} and {6) may be
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represented by

N

N =rq Z S
¢ = %7 Ten

(¢) cos n © (7)
N
N¢e= rq 21 S¢en(¢) sinn © (8)
with N =7 because the pressure distribution sequence terminates at n = 7

7
P06 =q Z P, () cos n © (9)
0

Substituting the n-th general term from equations (7), (8), and (9) 1nto
the differential equations (5) and (6), we obtain after simplification,

jq) | Som (d|>):,sm¢+ 28, @ cosd+ nS o @) +p (@) cose=0 (10)
:11—4) [Sq:en@”:] sin¢ + 2 S¢6n(¢) cos$+ n sqm(q:) +npn(cl>) =0 (11)

Adding equations (10) and (11), we obtain

d 2cosd+n
= [s¢n(¢) ' %en“i”J e |ENCE Spon® |

cos ¢+ n

=~ b= p_©. (12)

sin ¢ n

Subtracting equation (11) from equation (10) yields

d Zcosd-n
T [sqm@) -8, en@)] - IEARCR S40n9]
CcOs - 1N
= Come ) @ (13)
Substituting
Uip = Spnf® + 8,0, (14)

33




U = S¢n(¢) - S¢en () (15)

2n

into equations (12) and (13) results 1n two ordinary linear differential equations
of first order,

d 2cosd+n _ cos ¢ +n

s (Uln) + (_'?1—'11'4)——'-) Uln =g o P,® (16)
d 2 cosd-n _ (o5 ¢-n

T U, e U =S (17)

From ordinary differential equations the general solution of equation
(16} 18

Zcosc])—!-n Zcos$+ n

f( (244 (18)
sin ¢ cos ¢+n sin ¢

Ulne f (——— amn ¢ n((b) e dé + Cln

where C  1s the n-th general constant of integration Performing the ind:-
1n
cated operations in equation (18), we obtain

n =
U =- i1—+5——°fl‘?—z ,’_1 @) + C (19)
1n (51n d)) L in ln—l
where
1602 50 (cos g +m) (1 - cos " (e =" ag (20)

The general solution of equation (17) 1s

'r2cos¢-n chosd:-n

(——————)dé (———}d o (21)
sin ¢ _ cosd-n sin ¢

u - j Ry p @ as+c

From equation (24) we obtain

U = (I_'ﬂ‘iEEL)n. I @)+ C
Zn (s1nc{>)n+z Zn Zn
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where

OE ,fpn“*’) (n - cos ¢) (1 +cos ¢"(sm ¢) " d¢

2

Finally from equations (14} and (15),

-1
S¢n(¢) T2 (Uln * Uz n)
or
C])n 2 (51n¢)n+2 in n
n A
_ {1 -cosd) I ¢ + C )J (22)
(sine) * T2 2n 2n
S = L (v -U )
$6n 2 ln Zn
or

)n
* n+2 (Iz n(¢) ¥ Cz n):l (23

The stresses are,

N¢ = qr% S¢n(¢) cos nb (24)
7
Ne = - N¢ -qr % pn(¢) cos nd {25)
7
N¢9 = qu‘,o s¢9n(¢) sin nb (26)

The above results represent the general solution of the equilibrium equations

(1), (2) and (3). Ewvaluation of the integration constants 1n Ujn and U, , 1s
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accomplished by examining each load term independently and defining
boundaries to assure finite stress values and strain compatibility at the
tent base (¢ = ¢_},

In each load term there exists two arbitrary constants, Cipand C; .
We can determane Cyp for all values of n from equation (19) by requiring
that stress resultants, hence U be finite at the apex (¢ = 0) In equation
(19), there 1s a zero of order n + 2 1n the denominator. As can be verified
by repeated application of L'Hospital's Rule, a finite value of Uin 18 given
at the apex by setting,

C = -1 (o) for 0 £n=7
In 1n

Similarly for U, , we obtain from equation (21)

C =I (o) n=o0and 1 only*
Zn 2n

* When nz 2 the above relation becomes indeterminate and Con(2=n=s7)
remain arbitrary constants

For evaluation of constants C, , (2< n < 7) we will require strain com-

patibility at the base (¢ = ¢B) where hoop strain, ¢ o= 0

The compatibility equation is
) (2)
where E 1s elastic modulus

v 18 poissons ratio

Ng . Ny
E

= = 0 {b)
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(c)

Ne =V Nd)
Substituting
N
N¢= - Ne -qr Z pn(tb) cos n8 from equations (3) and (9), equation (c)
0
1
becomes for each load term N¢n(¢B) =-137 arp, (¢B) cos nb
or
N, ()
én "B’ _ 1
qr = {4y Pylég)cosn® (@
From equations (24) for each load term evaluated at ¢B,
N, (¢,)
—4$n'B° _
qr S¢n(¢B) cos nb (e)
Substituting (d) into (e)
TTv P ) = Sy, 6p)
s, 0) = = p_ @) (t
¢on''B’ T 14v Pn ¥B )
Evaluating equation (22) at ¢B -
n
(1 4+ cos ¢_)
1 B
S(¢)=-—[ (1 @y +c )
cbn B 2 (sind )n+z in B 1n
B
n
(1 - cos ¢_)
B
- —— (1 @y + C )] (®)
(singy) Zn Zn
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Substituting relation (f) and (g) and solving, when 2 €<nsg 7,

(1 + cos q)B)n

= /1 C -1
cH1 (1~ cos ¢B)n . (¢B) + ln)

bg)

2n

, (s1n ¢B)n + 2
{1l +v) (1 - cos ¢B)n Ph (¢B)

(h)

All constants of integration are thus evaluated, Integrated values for I ()

are as follows

I @) = AO(-lz-smzcb) + A, (%sm‘*dg) + A4(-ll€sm6¢)

1n

12

10
5 8
A6(128 sin“d)
1 3
I (%) = Ay (-cosd+ 7 cos ~ &)
11 3
+ Ay | -—-—cos¢51n4c1> écos¢+-1—cos3dp)
30720 "5 5
s 64 . 3 a,_ 3
+ Ag (- 6cosct>51n ¢-28 cos ¢ sin c[:-,?cosq)
+-_1? cos? &)
35 8 5 6 1 4
+ A, ("576 cosd)sm:bm——-,?z cosd sin® ¢ »——= cosé sin” ¢
1 1 3
- 3 cos ¢ + 9 cos” ¢)
1 2 1 4
I W = A, (-cos¢-—-zsm ¢-§ sin” &)
12

1 1 1
+ Ay (-cosd + 7 cosg¢-z sm4¢--1—2- s1n®e)

3

3
+ Ag (-%cosdp-l—-% coszqa-ﬁ cos¢s1n4¢-
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1 cos ¢ sin* b)

I () =A; (-2cosd-% cos’¢- s+

13 5

+ Ag (-gcos¢+-$-cos ¢ - %smﬂb-!—% cos ¢ s1n® ¢

1

+ cos ¢ sin® d)

112

1 34 L ag_ T 6
+ Aq (---c:os<i>+3 cos ¢-4 cos ¢ s1n ¢-16 sin” &

cos ¢ sin® ¢ - cos ¢ s1n® &)

11
¥ 192

48

= 1 5 cos? 3 2 1 4
I14(4>)— A4(--2 cos¢-6cos ¢-2 sin® ¢ + 7 S° ¢

16
+48 sin” ¢)

+ Ag (-%cos¢+ %cos3¢- % s1n4¢+% cos¢s1n4<{)

1 3 8
+ p sin® ¢+128 sin’ &)

1 9 5 9
115(¢) = Ag (- 7 cosd)-? cos? ¢ - 2 sin? ¢+-§sm4¢--§-é cosd sin? ¢

1 6
~ 112 cos ¢ s1n® &)

+ A, (-% cos ¢ +-g cosg¢-%31n4¢+§cos¢sm4¢

29 cos ¢ 81n® ¢ -—— cos$ s1n® ¢)

35 6
+ sin ¢-144

7
48 576

i, 1 T cos? -2 gin? ¢+ 2 sin®
116 ) = A, (4 cosc[)-4 cos (b-z sin <i—>+ssm ¢

-—7(; cos $ sin* c{>-———s1n6<§:-—2—;-g sin® &)
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@) = A, (%—cosq)- -%0- cos? ¢ - 3s1n? ¢+ %sm""cb

17

cos ¢ sin? ¢ .l sin® ¢ +-1-1§ cos ¢ s1n® ¢

5
6 24

L 8
+576 cso b sin® &)

-
—
A
—
[}
-
—
A

A, {(-cosod+ % sin? ¢+% sin? )

—
——
-
=
n

1 os3 1 oot et b
+ Ay (-cosd + 3 cos ¢ + 7 sin ¢+12 sm® ¢)

3 1 3 3 0. B 6
+A6(-4cos¢+4cos ¢ - 16 cos ¢ s1n d,>+32 sin® ¢
15 8
+ 356 sin® ¢)

I @ = Az (- B cos ¢ - -§f~:os3:j>+s1n‘2 ¢+;—0 cos ¢ sin* ¢)

9 3 3 o1 2 oipt 17 4
+A5(-7 coscl>+7cos ¢+851n ¢+ 55 cos ¢ sin” @
+ 2 cos¢sm6¢)
112

+ A, (-cos¢+-§- cos? ¢ - i— cosc[>51n4<f>+T'% sin® ¢

cos $ sin® ¢)

+ 1L cosdpsm6¢+

48 192
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I

2

I

2

2

I

217

cos ¢ -= cos® ¢+ %sm2 ¢ - % s1n4¢-21§ sin® )

@) = Aq (-

W e
o

+ Ag (-%cosqﬂ-lz- cos? & + -g 51n4¢+%cos¢sm4¢

sin® ¢)

sin® ¢ -

N

128

) = Ay (-%cos«#-% cos? ¢ + 2 sin? ¢-§ s1n4¢-5—1- cosd sinte

! 6
- 112 cos ¢ sin” ¢ )

4
+ A, (-—% cos ¢ +%cos3¢+-} sm4¢+§ cos ¢ sin* ¢

EL I 29 6 7 8
- 18 sin ¢-144 cos ¢ sIn ¢"576 cos ¢ s1n ¢)
- 1 I 3 2 2 9 4 ._7_. 4
(¢)-A6( 4cos<i>--4cos ¢+zs1n ¢-851n¢-16 cosé$ sin“¢
3 6 8
+32 sin ¢+256 st ¢)

@) = A, ( -g— cos ¢ - %Q- cos3¢+3s1nzcb--£- 51n4<§>--§- cos ¢sintd

a 6 1 6 1 8
+24 s1n <{>+18 cos ¢ sin ¢+576 cos ¢ s ¢)
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3.8.4. 2 Cylindrical Shape with Spherical Ends
(Broadside Wind Load)

Considerable effort has been expended 1n attempting an integrated
solution of the entire tent which 1s without precedent It has been necessary
within the scope of the present contract to explore alternate analytical
techniques 1n lieu of optimum procedures The following 1s considered the
most realistic of the simplified approaches and should afford adequate basis
for establishing future designs even when low safety factors are employed

The cylindrical portion of the tent 1s considered to be loaded by three
separate loads, 1) internal pressure, 2) external pressure from wind load
and 3) equilibrium membrane force of the hemispherical section at each end
of the cylinder The forces resulting from the three separate loads are then
superimposed to find the maximum membrane stress in each direction, It
1s theorized that the resulting stresses are conservative because, at lines of
force discontinuity, the maximum stress values would be relieved 1f displace-
ment compatibility were attained between adjoining free bodies,

Stresses in the hemispherical ends are analysed as though the two ends
were joined together forming a truncated sphere., Analysis 1s then i1dentical
to the preceding spherical shape. Load data 1s taken from the actual cylindr:-
cal tent tests

Loads on Cylinder

1., Radial Loads

Radial loads include

Internal pressure, Pe = q Ae
N n
t 1 P = Z A sin
External pressure, oxt @ n® ¢

Wind
——— e
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The radial loads are combined as indicated glving a resultant radial load,
P -P
e e

xt
The cylindrical membrane when subjected to a radial load varying with
¢ should distort freely such that the circumferential force 1s constant, This
1s because we have assumed that there are no tangential loads and that the
fabric has zero bending stiffness It must then follow that the radius would
be variable with ¢ in order that equilibrium be maintained thru the relation

Nci)(const) - {Pe " Fext) T ¢
or
rW)= Nd)(const)

P -P
e ext

The resulting deformation would inversely simulate the load magnitude as

shown below

Load Deformation

To evaluate N we will consider equilibrium of a cylindrical body of unit length
radial load va‘i"ymg with ¢,

N¢(const) Ncp(const)
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Summation of Vertical Forces

q)B
2N¢ smq:B = j tp (@) cos ddo

-¢B
where
P @) = Pe- Pext
and

ext
»¢B N
' - e A_ sim"$) dé
o N = | -q Xz sin cos ¢
¢ 2 Smch-th) e 0 n
since
N, = const,
¢
then
¢B N
R n
Nq)-smd; I(Pe-qZAnsm ¢)cosddd
B 0 0
which reduces to
Ncb _ Pe 1 ;\T AnS1nn+1¢B
qr q 51n¢B 0 n+1
let
P N
c=—2__9%
q qr,
o EN An 81n n 1¢B
0 n+1
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8¢ _ 0 - nAn cos ch sin ¢B
0 B n+1
. n-1 o = 0
. cos ¢B s1n B =
¢B = + -TZI , n=0,1 2, . N (maximum)

Since flexibility 15 apparent and distortion conforms to minimum energy
principles, utilization of maximum ¢ (% } 1n the calculation of all n values
1n the expression for C 1s reasonable and conservative.

. c N An

° e =§ n+1

and
N P N A
q—%=:e—-‘§ﬁ

2. Awxial Loads

Axial loads on the cylinder are taken as the loads necessary for
equitlibrium of the hemispherical ends and are determined by use of the
spherical tent solution, The spherical ends are assumed to be joined to-
gether to form a sphere with load distribution as determined by the actual
test data, The resulting N ,at 8 =0 and 6 = ™ must then be apphied to each
end of the cylinder The only additional axial load on the cylinder s
that due to anternal pressure or

Nx = Per
® T2
Total axial stress for body equilibrium 1s given by
P r
— ((bn 6= 0’") e
Nx - N@ * 2
or
Nx NG (b, © = 0,1) Pe
—_— = +
9r qr 2q
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It 1s recognized that the above analysis does not provide for displace-
ment compatibility at the sphere-cylinder junction It 1s quite apparent that
a compatibility solution should provide a reduction in the calculated peak value
because of the edge flexibility of the supporting cylinder It 1s also noted that
the peak stress values for N, (necessary for end equihibrium are consequently
regarded as slightly conservative

It 1s also recognized that no evaluation of shear (N ) 1s attempted in
the cylindrical shell section. The analysis of shear 1s nof ' considered critical
since the material can buckle in shear without consequent failure (rupture) of
the fabric., The critical stress components are taken to be tensile membrane
forces

3 8.5 Results - Truncated Spherical Shape

Pressure data from all tests on tent models 1,4, 7,10, 13, and 21, have
been analysed for curve fitting and model stress analysis 1n keeping with
paragraphs 3.8 3 and 3 8,4,

3,8,5 1 Calculations

Stress coefficients (N /qr, Ne/qr, N e/q::') were calculated on Hayes'
IBM 1620 Computer. Stressés were calculdtfed at 15° intervals, fromd¢ =
15° tod = ¢p and from 0 = 0 to 6 = 180°. Typical stress coefficients are
1llustrated on Figures 47,48 and 49 for Test Number 173 on tent model num-
ber 4 where dynamic air pressure, q, = 0., 6 and tent internal pressure,
p, = 4/54q.

All valid peak stress coefficients for the non porous spherical model
tests (Models 1,4, 7, and 21) are plotted on Figures 50, 51 and 52 Peak
stress values are the maximum occurring in the tent Peak N¢ usually
occurs at ¢ =15° and 6 = 75°, Peak Neusua.lly occurs at ¢ = 15°'and 6 = 0

(See Frgures 47 and 48)

As 18 evident on Figures 50 thru 52 the stress coefficient curves are
drawn above the plotted points and represent maximum peak stress values
where internal pressure 1s varied from 5/4 ¢ No pattern of stress coefficients
1s discernable due to varying internal pressure within the selected range

3 8 b 2 Conclusions

The curves of peak stress coefficients are utilized to prepare design
curves as shown in Figures 53, 54, and 55 These design curves provide
a direct reading of peak stress coefficients for any given h/d and design
dynamic, or impact, pressure, q, where internal tent pressure 1s approximately
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equal to q.

Since wind loading can be from any direction, stress variations with
O becomes 1nconsequential in the spherical design, However it may be advan-
tageous or desirable that the designer be able to determine stress var:ations
with apex angle, ¢ . Figures 56 thru 59 have been derived from test data
maximum values and provide a ratio of Ne(¢) to Ne(peak) for use 1n design
calculations, No comparable curve 1s prepared for N, (0) because the variation
in Nd? with ¢ 15 slight, (See Figure 47 at 6 = 75° ), ¢

Poissons Ratio

In the boundary condition (paragraph 3, 8,4,1) requiring strain com-
patibility at the tent base (b =¢_), Poisson's ratio (v ) 1s inherent., Because
no information 1s available on = Poisson effects in tent fabrics and also because
different weaves and fabric compositions would affect the strain characteristics,
the analyses have employed a somewhat arbitrary poisson ratio equal to one,
Since the true value of Poisson's ratio may be significantly less than the assumed
value, design curves have been developed (Figure 60) to provide correction
factors for Poissons ratio, vy =0,5, These curves were determined by ratio
of calculated stress results when y was varied 1n test case solutionsg for
each h/d represented in the test program,

Design Curve Summary and Application

The design curves generated 1n this study and analysis are presented
herein as Figures 53 thru 60 inclusive,

Utilization of the design curves in tent analysis i1s as follows:
1} From design requirements determine tent size and shape and

design value for dynamic (or impact) pressure

2) Enter Figure 53, 54, or 55 with required h/d on the appropriate
curve for dynamic pressure and read stress coefficrents,

N N
—i and __9_ .
qr qr
3) Enter Figure 60 and read stress factors,
% {v =0.5) ind Na v =0.5)
N¢(v =1.0) Ne(v =1,0) °
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4) Multiply respective stress factors (from 3) by stress coefficients
(from 2) to get stress factors for material with poigssons ratio,
v =0,5, Products are corrected stress coefficients,

N Ne
5) Multiply corrected stress coefficients (from 4) by design dynamic

pressure,q, 1n p. s.t. and tent radius, r, in inches, Products
are Stress Resultants N, and N, 1n pounds per inch,

¢ )
6) If variation in Ne with apex angle, ¢, 1s desired, determine stress
ratio,
Ng@)
Ny (peak)

from Figure 56, 57, 58 or 59 depending on appropriate h/d, Multiply
stress ratios (from 6) by Ne (from 5) to get variable values of NE)
versus apex angle, ¢.

7) Total stress resultants are:

Pr

T\T; = N, (from 5) +

e
2
. Per
NG = N9 (from 6) + 5

where P 1s internal pressure in p, 8. 1,
e

r 18 radius 1n inches,
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3.8.6 Results - Cylindrical Shape with Spherical Ends
{(Broadside Wind Load)

All tests on tent models 2,5,6,8,9,... have been analyzed 1n accor-
dance with paragraphs 3.8, 3 and 3, 8,4, The effects of internal pressure was
inherently accounted for in these tests, The internal tent model pressure was
set at 4/5 q, 1q, and 5/4 g for each series of tests for each wind velocity
used., Broadside wind direction, normal to the cylindrical section centerline,
creates the most severe loading condition and the largest fabric stresses,

The aerodynamic pressure data gathered from these tests indicated much
lower values for any wind direction other than broadside which substantiates
what may be assumed by observation. The results of the calculations and
conclusions are presented in the following two paragraphs.

3.8.6.1 Calculations

The maximum resulting stress coefficients

N N N
% % .na —%°

qr qr qr

were calculated on Hayes IBM 1620 computer and are listed 1n tabular form

1in Table III for each test model considered, Test model No, 8 was chosen

as being typical within the set and calculated values of stress coefficients
versus the angle 0 for test No, 118, tent pressure 4/5q, q =, 6, are presented
1in Fig, 61, 62, and 63 as calculated by methods outlined 1n paragraph 3, 8, 4, 2,
These results are typical of all models tested and thus presents all the
necessary information required to develop design curves for tents that exist
within the set, 1, e., h/d ranging from 3/8 to 3/4 and w/y ranging from 1/4 to
L.

The calculated results of Nq,/qr versus q are plotted in Figure 64
for all tests on Model No. 8 for both the c¢ylindrical section and the spherical
ends, The scatter of all results are included within the shaded area and a
line of maximums bounding the upper Iimits describe the maximum stress
level for any wind velocity up to 105 mph,

The calculated results of Ng/ qr versus q are plotted in Fig. 65 for
all tests on Model No, 8 for the spherical ends, These results are interpreted
as above, with one addition, the cylindrical section peak values are assumed
constant longitudinally (in the direction of x) except at the interface,

The calculated results of Ny g/qr versus q are plotted in Figure 66

for all tests on Model No, 8 for the spherical ends, These results are in-
terpreted as before except the shear 1s assumed to be zero at the interface
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and anywhere on the cylindrical section away from the base,

Figure 67 presents an 1llustration of all maximum values of N,/ qr
stress coefficients as typically presented in Figure 61 for Model No, '8 com-
bined with the maximum calculated value for the cylindrical section for all
tests at all wind velocities for every ¢ from 15° to 75, 5° ., The abscissa 1s
divided as a function of d, the basic tent diameter, and the radius projection
of various positions of ©1n 15° intervals from 0° reference point to 6 = 180°
The purpose of this division 1s to allow a plot of maximum stress coefficients
showing the distribution around an end, through the discontinuity region at
the interface, and continuity in the cylindrical section, The rear side 1s split
out and rotated 180° 1in order to better show the distribution, Only one half
of the model 1s presented because of symmetric loading and results,

Figure 68 presents an illustration of all maximum values of Ng/qr
stress coefficients as typically presented 1in Figure 61 for Model No, 8 com-
bined with the extension assumption that the cylindrical equilibrium forces
are constant in the cylindrical section for all tests at all wind velocities for
every ¢ from 15° to ¢B' The remaining explanation of the figure 1s stated
1n the preceding paragraph,

Figure 69 presents a cross plot of maximum N¢/q r stress coefficient
as a function of the angular position from ¢ = 0° to + " ép. These values are
representative of all tests of Model No. 8 maximum interface stress coefficients
considering discontinuity effects at the junction of the cylindrical section and
the spherical ends where 6 = 0° and 180°,

Figure 70 presents a cross plot of maxamum Ng/qr stress coefficient
as a function of the angular position f{rom ¢ = 0° to + ch. These values are
agaln representative of all tests of Model No, 8 maximum interface stress
coefficients combined with the extension assumption that the cylindrical
equilibrium forces are constant in the cylindrical section for all tests at all
wind velocities at the junction of the cylindrical section and the spherical
ends where 6 = 0° and 180°,

3.8, 6.2 Conclusions

The purpose of this presentation, as outlined previously 1s to develop
design data curves from which the design of a cylindrically shaped tent with
spherical ends can be made without undue labor or theoretical analysis of
stresses. The figures presented in this part enable the design to predict
maximum stress coefficients for various cylindrically shaped spherical ended
tent sizes for wind velocities up to 105 mph,

Figures 71 thru 73 present a typical plot of stress coefficients
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for specific dynamic pressures for W/¢pequal to 1/2, These results represent
an attempt to present design data to use as a means to arrive at interpolated
values of the stress coefficients for various wind velocities, The curves thus
presented represent a minimum of data points and cannot be relied upon to
give accurate results. The final design curves described in the following
paragraphs constitute the evaluation of data herein presented and should be
used 1n any design problem

Maximum stress coefficients presented in Table III represent all
maximums for all combinations of sizes and wind velocities, The scatter of
results as 1llustrated in Fig, 64, Fig 65 and Fig, 66 proved that the maximum
stress at any point can be predicted for any wind velocity by using a line of
maximums which bound the scatter region for any specific model,

The resulting design curves {(Ref Figs., 74 thru 82 ) presented herein
utilize this method to predict maximum stress coefficients, The calculated
stress coefficient maximums of all tests on all models 1nclude all of the
specific results within its set and therefore the scatter of the maximums re-
present all of the results for any specific variation in proportional size,

Resulting stress coefficients 1n any portion of a cylindrically shaped
spherical ended tent can be obtained by using the design stress coefficient
curves presented in Figs, 74 thru 82, To use these curves, the designer
would decide upon the proportions of size of the tent to be designed, either
by aerodynamic considerations or other requirements, and choose the figure
for the specific h/d ratio which applied to the given problem, After this the
designer would then enter the graph upon the abscissa at the predetermined
W/yhand read upward to either the curve labeled cylindrical section or spherical
ends and determine the corresponding stress coefiicient by reading across to
the ordinate index,

Figure 71 presents the variation of maximum stress coefficient,
(N, /qr) maximum, versus h/d for a constant W/g =.5, for any specific
dyhamic pressure (q), in the spherical ends,

Figure Tl presents the variation of maximum stress coefficient,
(N¢/q r) maximum, versus h/d for a constant W/(h= . 5, for any specific
dynamic¢ pressure {g), i1n the cylindrical section,

Figure 72 presents the variation of maximum stress coefficient,
(Ng/q r) maximum, versus h/d for a constant Wiy =.5, for any specific
dynamaic pressure (q), in the spherical ends and the cylindrical section,
assuming the extension of equilibrium forces to be constant,
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Figure 73 presents the variation of maximum stress coefficient,
(N e/q r) maximum, versus h/d for a constant W/¢y=.5, for any specific
dynamaic pressure (q), in the spherical ends., The shear stress coefficients
in the cylindrical section are assumed to be zero and their calculation has
herein been neglected,

Figure 74,75 and 76 present maximum stress coefficients,
(N,/qr) maximum, versus Wjpratios from W/tn = .25 to 1. 0 for both
spherical ends and the cylindrical section of the tents for all broadside wind
loads for h/d ratios of h/d = 3/8, 1/2 and 3/4 respectively, These design
data curves will provide accurate results of stress coefficients for any tent
with these particular proportional sizes for all load conditions, It must be
remembered that the stress coefficients depicted from these curves do not
represent the total stress condition, The effects of internal pressure must
be added to these results

Figures 77, 78, and 79 present maximum stress coefficient,
(Ng/q r) maximum, versus W/tyratios as stated in the preceding paragraph
with the equilibrium extension applying throughout the cylindrical section,

Figures 80, 81 and 82 present maximum stress coefficients,
(N e/ qr) maximum, versus W/¢ratios as stated above except 1n the cylindri-

cal section where the assumed shear stress 1s zero,

Poissons Ratio

Poisson's effect upon the fabric stresses are discussed in preceding
paragraph 3,8, 5,2 and resulting design curves furmshed 1n Fig, 60 The
results given and manner in which the designer applied this to the cylindri-
cally shaped spherical ended tent 1s exactly the same,

Design Curve Summary and Application

The design curves presented in this study and analysis are included
as Figures 74 thru 82,

Utilization of the design curves 1n tent analysis 1s as follows
1} From design requirements determine tent size and shape and

dynamic (or impact) pressure design value

2) Enter Figs 74 thru 79 (choosing the appropriate figure by knowing
the h/d ratio) with the required W/thand read stress coefficients,
N, /q r maximum and Ne/q r maximum for both the cylindrical section

$
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3)

4)

5)

6)

and the spherical ends, For stress coefficient values which would
ex1ist for other sizes than those presented, linear interpolation with-
1n the range given will yield corresponding results,

Enter Fig. 60 and read stress factors N¢ (v =0.5) /(N¢ v =1.0)
and Ne v =0.5) /Ne v =1.0)

Multiply respective stress factors (from 3) by stress coefficients
(from 2) to get stress factos for material with Poissons ratio,

v = 0.5, Products are corrected stress coefficients, N /qr and
N9/ qr. ¢

Multiply corrected stress coefficients (from 4) by design dynamic
pressure,q, 1n p, s.1, and tent radius, r, 1n inches, Products are
stress resultants N, and N, in pounds per inch,

¢ 0

Total stress resultants are’

N.=Pr + N from 5 Cylinder
$ o $ ( ) y

N. = P r/2 + N, (from 5 Sphere
o o <l>( ) P

Ne = Nx = Per/2 + NB {from 5) Both
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3.9 PRESSURE DISTRIBUTION

The fabric loads analysis presented in Paragraph 3,8,2 was based on
measured external pressure distributions obtained during the wind tunnel test
series, The method of measurement chosen was to section the tent off by
rows and columns, At the intersection of each row and column, a hight weight
tube was attached to the fabric on the inside of the envelope, A small orifice
was then drilled through the fabric and into the tube thereby forming a surface
static pressure tap, The number of pressure taps per tent model was deter-
mined primarily by the model size with some consideration being given to
areas of constant pressure distribution, The location of the pressures taps
for several models 15 presented 1n Fig. 83 and 84,

The method of measurement of the test pressures was digscussed in
Paragraph 3.1 and the details of data reduction in Paragraph 3 8, These tests
indicate somewhat different pressure distributions than those around tower
mounted radomes due to the presence of the ground plane, The boundary layer
assoclated with the ground plane 1s discussed in Paragraph 3,1, however, it
1s noted that the boundary layer thickness was adjustable and was set at a
value deemed reasonable for ground mounted structures A discussion of
model similarity and data extrapolations is also discussed 1n Paragraph 3,1,

3,10 DATA REDUCTIONS

The data reduction program was divided into four categories aero-
dynamic balance data, anchor load data, external pressure distribution and
tent model deflections. The data collected during each test was transferred
to a prepared computer load sheet for automatic data reduction on the IBM
1620 computer located at Hayes International Corporation, Birmuingham,
Alabama. The equations, etc., used for this reduction are presented in
the following sections,
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3.10,1 Aerodynamic Coefficients

The total aerodynamics load and moment coefficients are defined as
follows

Coefficient Eguation
L
Laft C = —
L qA
DP
D C = —
rag D 9z
P p
Sideforce C =
Y qA
P
Pitching Moment CM = aA em
MP
Rolling Moment C =Y
R qA ¢
r
M
Yawing Moment C =
wing en N o 0
pm

The aerodynamic loads and moments used for computing the above
coefficients are as follows

Component Equation

Laft L=L -L -L
r p J

Drag D=D -D -D
r P J

Sideforce P=P -P -P

Y yr o yp vy)

Pitching Moment M = Mr - MP - MJ
Rolling Moment My = Myr_Myp-MyJ
Yawing Moment Mm'—' Mmr—Mmp-Mm_]

where

subscript '"'r'" values are the total reading including contributions due
to plate loads and jet flow loads, subscript '"p' values are the plate loading
contributions only, Subscript )" values are the reactions due to the additional
air flow into the tent enclosure during porous model tests. These values are
slopes calculated from the data points in lbs, {or foot-lbs, ) per 1n H; 0,
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This program also computes the actual velocity from the tunnel indi-
cated velocity, corrected for pressure, temperature, and Reynolds number

as follows:*

U = J 29 Velocity
P

RN - eud Reynolds Number
U

Additional corrections were made to the data for the effects of the
wind tunnel boundary conditions, The boundary corrections required for
the special case of 2 model mounted on a ground plane were reduced to two
These were solid blocking and horizontal bouyancy, The equations used
are as follows

Uoo = Uu L+ ESB)
Qe = 9, (L + 2 SB)
RNoco - RNu L+ ESB)
€L 7 Cry G -o - Zegp)
o C

C = C 1 - 2 ) + L

M Mu €SB 4
CD = cDu {1 - 3€SB)

where

subscript "u" terms are the uncorrected data based on wind tunnel
upstream conditions,

K(model volume, V)

“SB (AC) 3/2

1l

whetre

K - 15 a constant = 0 96 for bodies of revolution
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Ac - wind tunnel cross gection area
d - diameter of model used
h <« height of wind tunnel test section

The drag coefficient, Cpys based on free stream conditions includes
a correction for horizontal bouyancy. This correction was made as follows

D - DB

C =

Du q

up
where

D = - dp (model volume)

B dl
dp
a1 = slope of tunnel longitudinal static pressure curve
D = net drag
qa, = {ree stream dynamic pressure

AP = reference area, maximum planform,

Model volume for single wall models was comnuted as follows

h > d/f2,
Y = & g3 _ T a3 @ 2
vV = Z d - 18 d +3 Ty (h-d/2)+nr, (g - 2r)
- 1-"?:; (6~ s 6 (- 2r)
where
- W2 z
rp = ¢ - (- d/2)
h < d/2,
- 2 dz v z r?‘
vV = 3171‘1 > -3 Tp (d/Z-—h)+2 (6 ~ sin ©)
@ -2r)
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Vv o= I g3 I 2 -

V_lzd +2(r) ¢ - 2r)
where

r = model radius

h = model tent height, feet

d = model diameter, feet

rB = base radius

e = base angle

¢ = length

The maximum planform area for single wall models was computed as follows
Ap: T + 2r (¢ ~ 27)

where

model radius, in feet

H
|

A
p
In the equations for volume and the equations for planform area,
model radius and diameter divided by 2 were considered independent num-
bers in order to make the equations apply to both spherical and cylindrical
models,

planform area

The final correction made to the aero balance data was to transform
from wind axes to body axes for models oriented at yaw angles of U = 45°
The relationship between wind axis and body axis 1s presented in Figure 121,
Fory =0° and 90 ° no correction was necessary,
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The equations used were as follows

Coefficient Equation

Laft CLB = CL

Drag CDB = CD cos\y - CY siny
Sideforce CYB = CY cosy - CD sin
Pitching Moment CMB = CM cosy - CR siny
Rolling Moment CRB = CR cos{ - CM sin |y
Yawing Moment CNB = CN

3102 Pressure Coefficients

The pressure distribution data were reduced to coefficient form 1n
accordance with the following equation:*

P Poo
Cc = -
P 90
where
CP - pressure coefficient
P - pressure at model surface
P00 - tunnel static pressures

The values of pressure at the model surface were measured at many
points on the model surface, The relative locations of these points varied
from model to model, Typical locations are presented in Figures 83 and 84.

3.10.3 Anchor Load Coefficients

Individual anchor loads and anchor load coefficients were computed
for each active anchor used. The anchor loads were computed by first
calibrating each active anchor with four (4) known loads of 1 1b., 6 1b , 11 1b,,
and 16 1b, The slope of the calibration curve obtained was then computed
1n 1b, /micro inches per inch load and multiplied times the strain recorded
for that anchor under the test condifion considered, The anchor load co-
efficient was then computed as follows

AL
Car © qA
p
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PAL' anchor load, 1lbs,

d4 - dynamic pressure, lbs /ft,?2
AP - reference area, ft.,? (Projected Frontal Area)

The anchor loads were summed for all test conditions and printed on the out-
put sheet as total anchor loads. These loads were corrected for inflation
loads and printed out as aerodynamic loads., The aerodynamic loads shown
mnclude a correction for the fact that not all anchors were "'active', or
measured strain, This correction was a multiplication factor composed of

a ratio of total to active anchor points employed,

The i1nflation loads used were computed by recording the strain for
each anchor corresponding to tent pressures of 2 1n,, 4 1n., and 6 1n., of
water and converting these anchor loads by multiplying by the slope of the
calibration curve for each gage. These individual loads were then summed
to give total inflation loads for all test conditions, Figures 81 and 89
present the planform lay-out of the active anchor locations for two models,
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SECTION 4

FABRIC MATERIALS

SELECTION

The increasing use of fabrics for engineering materials in air
supported structures where weight, durability, and reliability are
important has emphasized the need for, first, the careful selection
of fabrics for mechanical strength, and second, the selection of coat-
ings for seam strength, cold weather flexibility, and increased
durability In addition, good quality control 1s essential to insure
uniformity of product The structural data presented in this design
manual show that each structure and 1ts intended use presents special
and unique eng.neering problems  The full potential of laghtness in
weight, durability and reliability of a structure can only be realized
by engineering a fabric to match the exacting mechanical and environ-
mental conditions of use specified for the tent

The selection of a fabric meeting the exacting and use conditions
for a tent must be based on a critical evaluation of all fiber and fabric
properties A comprehensive review of even the most essential fabric
characteristics 15 beyond the scope of this manual The information
relative to fabric properties can best be obtained from fiber and fabric
manufacturers, military specifications and from literature (11, 12, 13,
14) However, fabric engineering can be only as effective as the extent
that information relative to the desired characteristics of a fabric 1s
known Since this manual provides the necessary information to deter-
mane the strength of fabric required for a given structure, the stress-
strain behavior of fibers and fabrics 1s considered pertinent and 1s
included for ready reference The relationship between tensile strength
and weight of fabrics 1s also given The strength-weight relationship 1s
necessary to establish the weight of fabric required for the tent, and to
estimate the weight of the final structure Two other fabric properties
which can restrict the selection of coated fabrics for air supported tents
are mentioned briefly because of their interest to the Military and the
satelite and communications industry The two fabric properties are
low temperature flexibility and dielectric constant

Fiber Type The Army and Air Force have to date found nylon
and polyester fibers more satisfactory for air-supported tent fabrics
than fiberglas, acrylic, modacrylic and cellulose type fabrics Both
fibers have a high strength to weight ratio. The two fibers can be used
to produce thin, flat fabrics of hagh strength Thin, relatively flat
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fabrics are essential for light weight coated fabric, since the thickness
of fabric controls the amount and therefore the weight of coating com-
pound required to fill the interstices and protect the fabrics Nylon
and polyester fibers are still considered the more acceptable fibers to
ugse for air supported tents. However, fiber producers are continually
improving their fibers, and the three other fiber types which show
promise for future use are included The additional fibers are glass
fiber, acrylic, and polypropylene. Of these, glass fiber 15 not new

It 18 a high strength, low elongation fiber It has better weathering
and chemaical resistance properties than either nylon or polyester It
has been used as a radome fabric, but was found to crack on sharp
creases which occurred 1n the fabric as a result of folding the tent for
storage. Glass fiber technology has improved, and modern glass
fabrics show an improved resistance to cracking in folds Acrylic
fibers are included because of their better weathering resistance and
radio frequency transmission characteristics when compared to nylon
and polyester, The potential field of applications for acrylic fibers 1s
in the relm of extremely low porosity, uncoated fabrics for single wall
air supported tents, High tenacity polypropylene 1s included because
of 1ts high resistance to abrasion and good mechanical properties,

For a plain weave polypropylene fabric, the strength to weight ratio
was found to be higher than that of nylon and polyester fabrics How-
ever, 1ts strength degrades rapidly on weathering and the fabric can
only be used with a protective coating, To date, difficulty 18 experien-
ced 1n attaining a satisfactory adhesion of coatings to polypropylene,

As soon as a satisfactory solution can be found for coating polypropylene
fabrics, its high strength to weight ratio will make possible still laghter
welght fabrics than can be attained with present day nylon and polyester
fibers,

CHARACTERISTICS

Fiber Strength Characteristics - The load-elongation behavior
of the five fiber types are shown in Figure 88 The unit for load in
both figures 18 fiber tenacity in grams per demer, To convert the
load-elongation curves to the standard engineering stress-strain curves,
it 18 necessary to convert fiber tenacity in grams per denier to tensile
strength 1n pounds per square inch. The conversion factor for this 1s
shown 1n the Wellington Sears Handbook .11 as follows

Tensile Strength (psi1) = 12, 800 x sp gr x Tenacity (gpd)
It 18 readily apparent from the load-elongation curves that,

except for glass fibers, the fiber elongatiun 18 not linearly proportio-
nal to the applied load. Each curve shows an initial elastic region at
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low elongation followed by a complex flow and stiffening characteristic
as the fiber 1s elongated to rupture., To obtain an appreciation for
fibers with non-linear load elongation characteristics, reference 1s
made to Dr Susich's work on the mechanical conditioming of fibers

In his paper, Dr Susich compares the load-elongation characteristics
of fibers after repeated loading at several predetermined extensions
The results are reported in terms of the length recovered after the
load 1s removed The results are given in percent of initial length

Dr BSusich uses three terms to describe the load recovery properties
of fibers, the first 1s percent of length recovered immediately after
removal of the load, Immediate Elastic Recovery (IER), the second
term represents the contraction of fiber length at some time after the
removal of load, Delayed Recovery, (DR}, the third term represents

a permanent extension of the fiber after the load 1s removed, Perma-
nent Set (¥S) The results Dr Susich found for the fibers considered
1in this manual were extracted from his report and presented 1n Table
IV It should be noted that the relative proportion of each type of defor-
mation varies with percent of elongation, the higher the percent of
elongation, the lower the elastic recovery and the higher the permanent
set. This 1s characteristic of viscoelastic material A detailed inter-
pretation of the fiber load elongation curve 1s beyond the scope of this
manual This information 1s summarized in the Wellington Sears Hand-
book (11) and 1n selected 1ndividual papers

The information provided by the fiber load-elongation curve 1s
useful for predicting, as a first approximation, the strength and energy
absorbing characteristics of the fabric Hence these can be used to
select the fiber type which will best fulfill the particular engineering
application

Fabric Strength Characteristics - The load elongation character-
1stics of a fabric differs from that of 1ts component fiber The load
elongation curves for nylon fiber and fabric 1s shown in Figure §9 and
that for Polyester on Figure 90, The unit for load 18 given as a percent
of rupture leoad for convenience in comparing fiber and fabric curves,

In order to obtain a better understanding of the difference 1n fiber and
fabric curves, a brief review of the behavior of fabrics under stress 1s
in order

Dr Haas considered the deformation of a plain weave fabric to
be the result of three distinct but mutually interacting mechanisms
The first of these 1s thread shear, where the mutually perpendicular
warp and filling yarn rotate, changing the angles between the yarns,
the second mechanism 1s termed thread straightening and results from
the over and under characteristics of the plain weave, each set of yarns
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bendmg over the other set This bending 1s also known as crimp

When the loads are applied to the two yarn systems, the system under
the highest stress will tend to straighten transferring part of i1ts erimp
to the other set of yarns This mechanism 1s termed crimp interchange
The third mechanism 1s that of yarn extension within the weave Pierce
and others have 1dentified a fourth mechanism which will influence the
load elongation behavior of a plain weave fabric This 15 concerned
with the compressive properties and the bending stiffness of the yarn
Each yarn 1s subjected to both lateral compression and bending at
every thread crossing Lateral compression causes the yarn to flatten
under load and allows the weave to extend, and bending rigidity in
increased resistance to extension of the weave

The sequence with which the interacting mechanism operates 1s
assumed to be as follows when the load 1s first applied, the mechanisms
of shear and crimp interchange predominate These two mechanisms
operate by a geometric rearrangement of the yarns in the weave rather
than by yvarn extension Thus, the results of initial fabric deformation
under load 1s independent of the rheological properties of the fiber,
This mechanism 1s indicated in Figure 89 and 90, by the fabric exhibat-
ing a greater extension at break than the fiber This 1s due primarily
to the crimp i1n the yarns Filling yarns having a greater initial crimp
will show a greater extension at all loads As the loads are increased,
the strain due to shear and crimp interchange reaches a limating value
which 1s governed by the limiting extension of the fabric The limaiting
extenslon is reached sooner in a densly woven fabric, such as the poly-
ester, Figure 89than in fabrics of a looser construction such as the
nylon fabric, Figure 90 This phenomenon 1s best 1llustrated by examin-
ing the filling yarn extension for both fabrics The polyester filling
yarn curve shows a steeper slope at low loads than the nylon filling
curve Increasing the load at this point will lead to yarn extension and
yarn flattening The latter two mechanisms predomanate as the stress
applied approaches the rupture load Also tensile fibers are viscoe-
lastic material, Hence, where fabric loads reach a level where yarn
extension occurs within the fabric, the results of strain becomes time
dependent and thus extension results can vary with the rate of loading
of the material, This 1s particularly important when rupture strain is
considered, If the rate of increase of loading 18 slow, there 1s more
time for creep to occur and the breaking extension can be reached at
a lower load

From the above, 1t 1s evident that the load elongation response
of a fabric can be highly influenced by the modes with which the loads
are applied and the time rate of loading Further, the mechanical
behavior of fabrics 1n air supported structures, where the fabrics are
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simultaneously stressed in all directions, cannot be fully predicted on
the basis of umiaxial stress data shown above. It 1s in this area of

study, relative to the mechanical behavior of fabrics under biaxial

stress condition, that much work remains to be done A more compre-
hensive and accurate theory of the mechanism of fabric stress behavior
at low loads, and at increasing loads to rupture, would be of considerable
value 1n developing fabrics of minimum weight for a given structural
application Studies in this area are underway and will be included i1n
this section as results become available

To provide the fabric weight relationships required for this
manual, 1t 15 necessary to evaluate the rupture load of a series of
plain weave fabrics for each of the fiber types listed below The rup-
ture load for each fabric 1s divided by the fabric weight Therefore the
units of the weight-strength relationship developed are pounds-square
yard per inch-ounce

In this manual safety factors will be introduced which will
enable the use of the full fabric values shown in Table III,

It should be recognized that the strength in pounds per inch per
ounce of fabric represents the fabric rupture loads The percent of
rupture load which can be fully utilized in order to reduce the weaght
of the fabric cannot at this time be accurately determaned Experience
with radome construction has indicated that base fabric loads, as
determined from the radome manual and before the addition of a safety
factor, can be as high as 20% of the rupture load of the fabric At this
level of rupture load, fabric extensions are easily obtained and found
to vary considerably even with fabrics produced according to a given
Military specification. Hence, 1t 1s difficult to determine the percent
of yarn extension from fabric load elongation curves alone With the
development of an accurate theory of the mechanism of fabric deforma-
tion 1t may be possible for the designer to exercise his engineering
judgement and use a higher percentage of the breaking load, leading to
lighter weight fabrics However, each of these problems becomes an
individual determination relying fully upon the load elongation character-
1stic of the fabrics and the fiber

Low Temperature Flexibility The military requirement for
tents to be operational at -65F 1s a difficult one to meet for coated
fabrics. MIL-C-43086 1s the specification for vinyl coated nylon fabric
developed for air supported tents for use in the temperate zone, It 1s
recommended for use with temperatures no lower than ~10F The
weight of thermoplastic vinyl coating for both durability and seam
strength 1s 8 ounces per square yard for light weight fabrics and 15
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ounces for heavier fabrics as shown in Figure 91 The solid line shows
the estimated amount of vinyl coating required < » a function of base
fabric weight for single ply fabrics The dashed line shows the estima-
ted amount of coating required for two ply fabrics

MIL-C-43285 1s the specification for chloroprene-chlorosulfo-
nated polyethylene coated nylon or polyester fabric developed for tents
designed for arctic use The weight of thermosetting chloroprehe base
coating and chlorosulfonated polyethylene top coating was found to be 10
ounces per square yard as shown in Figure 91 The small dash line
represents a single fabric, the dash dot line represents the 2 ply fabric

It should be pointed out that the coating weights as shown in
Figure 91 represent an estimated average weight The actual amount
and the distribution of coating face to back of the fabric depends on end
use conditions FEach problem becomes a matter for individual deter-
mination relying fully on durability and seam strength data, which must
be obtained to insure integrity of the tent

It should be noted that while the chloroprene, chorosulfonated
polyethylene coating 1s considered by the Army to be the best cold
weather coating for air supported tents, the flexing of this coated fab-
ric, 1s restricted to temperatures no lower than -40F There 15 an
urgent need for a durable low temperature coating compounds which
will remain flexible at -65 and which can be joined with a seam strong
enough to withstand the tension loads developed by air supported tents

Dielectric Constant A low dielectric constant 1s necessary for
good radio frequency (RF) transmission, an essential requirement for
air supported radomes housing operating radar egquipment, In the past
the rough rule of thumb guide to good RF transmission was to keep the
thickness of the fabric small :n comparison to the wavelength and to
use fabrics and coatings with low dielectric constants Reference 1s
made to the publication "Studies of Quantitative Correlation between
Bulk Density and Thickness of Fabrics and their Radar Transmission
Characteristics, ! for a more complete coverage of the electrical
characteristics of fabrics
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SECTION 5
CONCLUSIONS

As a result of the wind tunnel tests and analyses represented herein,
certain conclusions relative to ground mounted air supported tent design and
operation may be made These conclusions are listed below 1n very brief
form

1. Stable single and double wall air~-supported tent configurations have been
successfully tested up to wind velocities of 105 miles per hour.

2, Of the major design variables investigated (other than type and shape
factors), which included fabric porosity, operating pressures, cell size
and guy line arrangement, operating pressures are most important,

3. The use of porous fabric in single wall tent construction produced the
following general tent characteristics,

a., Tent lift increased with an increase in fabric porosity for spherical
and cylindraical tents wxth a 1 2 W[ﬂh and decreased for tents with a
14 W[@h.

b, Tent drag decreased with increased porosity for spherical tents and
increased for cylandracal tents,

¢. Low porosity fabric reduced tent deflection slightly wath no marked
improvement in tent stability.

4, The following tent deflection characteristics prevailed

a, Minimum tent deflections for singie wall tents occurred at a height
to diameler ratio of one-half for all tent configurations.

b, As would be expected, tent deflection was greatest in the frontal,
windward sector of the tent.

¢. Spherical single wall tents have smaller overall deflections than
the eylindrical tents,

d. For the double wall tents, an increase in cell size, i,e., cell width
to enclosure diameter ratio, increased tent rigidaty and resulted
in less tent deflection,

e, For the double wall tents, a guy line configuration wherein lines
are attached at 0,80 and 0,40 tent height and have angled corner
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5.

lines produced smallest deflections

Tent enclosure and cell pressures and cell size are all important
factors affecting tent stability, Tests concluded that

a. For satisfactory tent stability characteristics, single wall
enclosure and double wall cell pressures of at least free
streams dynamic pressure are required

b. Enclosure pressures equal to ambient static or greater
pressure must be maintained in double wall tents to pre-
clude early tent buckling

c. The stability of cylindrical double wall tents was found to
be less than for cylindrical single wall tents, believed to
result from flow conditions arcund the double wall tent
flat ends

d. No significant gains in double wall tent stability were
achieved beyond a cell pressure of sixteen inches water

gage.

e, Proper guy line arrangement provides some additional
stability at recommended operating pressures, The best
guy line configuration tested consisted of a combination
high (0. 8 tent height) and a low (0, 4 tent height) line arrange-
me nt,

Stress analyses of spherical and cylindrical single wall tents within
proportions tested can be accomplished using the design curves de-
veloped in this study for the Design Manual for Ground Mounted Air-
Supported Structures (single and double wall), Basic design curves
are based on an assumed fabric poissons ratio of 1,0, Provision

18 included for stress evaluations when poissons ratio 1s 0, 5, Stress
variation with apex angle, ¢, can be determined for spherical shaped
tents, Additional theory development and analysis 1s needed to re-
fine stress profiles on cylindrical models.

In the strength analysis of the double wall tent, the maximum stress
resultants were found in either the hoop or web stresses, Hoo
stresses were greatest \%hen cell angle, @ was greater than 30 and
when @ was less than 30 , the web stress is greatest., Meridional
stress resultants were smaller than the other components in both
cases,

Fabric stresses were found to increase with an increase 1n cell
width to tent diameter ratio and with an increase 1n cell pressure,
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SECTION 6

RECOMMENDAT 1ONS

The following areas of investigation warrant further study and testing

as a result of the information obtained from this program in order to increase
the utility and accuracy of the design data presented herein.

1.

5,

Addaitional double wall tent tests are required to as firmly establish the
data variation with tent shape parameters as for the single wall case

The effects of adjacent tents or structures on tent loads and stabilaty
characteristics were not measured during these tests and possibly should
be evaluated in future tests,

Wind tunnel tests should be performed on selected single and double wall
tents configurations to obtain vibrational characteristics which can be
used to evaluate fabric fatigue,

Full scale tentage tests should be made to evaluate Reynold's member
effects on tentage data presented in Part II of the design manual

Short radius (ends) single and double wall tents should be wind tunnel
tested to determine design feasibility, especially any beneficial deflec-
tion and stability characterastics when replacing double wall flat end
tents,
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TABLE I
TENT MODEL SIZES FOR PHASE I TESTS

Single -Wall Tents

Model No 1 2 3,15 4,10, 5,11, 6 7 8 9,12 21
13 14
Configuration 3/4 3/4 3/4 1/2 1/2 1/2 3/8 3/8 3/8 7/8
Sphere Cyl Cyl Sphere Cyl Cyl Sphere Cyl Cyl Sphere

Width to
Length Ratio - 12 14 - 12 14 - 12 14 -
Width 270 158 112 308 194 138 372 220 154 234
Length - 34 9 461 - 42 8 571 - 49 6 66 5 -
Height 20 3 11 9 8§84 15 4 97 6 9 13 9 8 6 60 0
Radius 13 5 709 5 6 15 4 97 6 9 18 6 11 4 80 11 7
Double Wall Tents
Model 16 17,22-26 18 19 20
Configuration 3/8 3/4 3/4 1/2 1/2
Cyl Cyl Cyl Cyl Cyl
Wadth to
Length Ratio 11 11 12 12 14
Waidth 311 22 4 158 194 13 8
Liength 311 22 4 34 9 42 8 57 8
Height 121 16 8 11 9 97 6 9
Radius 161 11 2 79 9 7 6 9
NOTES

1 All duimensions are 1n 1nches

2 Models 1 thru 9 and model 2] are non porous,
gingle wall

Models 10 thru 15 are porous, single wall

4 Models 16 thru 20 and 22-26 are non porous,
double wall
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TABLE II

Comparison of Double Wall Model Cell Sizes

Enclosure Cell Cell Width Cell Size
Model Diameter Width Enclosure Diameter Model No 17 Cell Size
# 17% 19 5 1 60" 0 082 1
# 22 19 5 1 60" 0 082 1
# 23 18 25" 2 25" 0 123 15
# 24 17 oon 2 80" 0 164 2
# 25 18 25" 2 25" 0 123 15
# 26 19 5" 1 60" 0 082 1 P

* Reference Model #17
Note All the above tents had overall width of 22, 4",
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TABLE III - MAXIMUM STRESS COEFFICIENTS
ALL TESTS - MODELS LISTED

CYLINDRICAL SHAPE WITH SPHERICAL ENDS
CONDITION BROADSIDE WIND LOAD

Model (Nélqr } Max, (Ne/qr } Max (N G/qr } Max,
No h/d W/Eh *
. q=.619g=3,0]g=6.0 |lg=.6 g=30|lg=601qg=.6 ]g=3.0]|qg=6,0
S 1.436 | 1.447 | 1.532 1.339 | 1.384 1 464 1.356 | 1.249 {1,306
2 3/4]11/2
c .737 .820 . 818 1.339 | 1,384 1. 464 0 0 0
S 1. 433 1,322 1.15 1,382 1,21 1,1 . 66 , 64 4
5 1/2(1/2 9 7 08 9 6 , 546
C . 796 . 494 . 571 1.382 | 1.217 1.108 0 0 0
..J
n
6 172 17418 1.235 | 1.503 - 1,100 | 1,418 - .615 . 679 -
C . 525 . 651 - 1.100 | 1,418 - 0 0 0
s 1.237 | 1.167 | 1.177 1.251 | 1. 256 1 296 . 548 , 491 520
8 3/811/2
C . 907 . 679 L712 1. 251 | 1.256 1. 296 0 0 0
S 1,485 { 1,829 - 1.552 | 1.936 - .65 805 -
g 3/8|1/4 2
C . 804 . 789 - 1.552 1. 936 - 0 0 0

*S - Spherical Results, C - Cylindrical Results




Table IV

Load Recovery Properties of Fibers

From Susich & Backer

Fiber Spun Filament| Gla 58,
Cond : Polyester | Nylon jAcrylic| Acrylick| Fiber |Polypropylenes
At 5% Strain
IER ek 38 38 42 NA - NA
DR ek 52 59 30 NA - NA
PSStk 10 3 28 NA - NA
At 10% Strain
IER 27 28 27 NA - NA
DR 46 67 43 NA - NA
PS5 27 5 30 NA - NA
At 50% of Elongation at Break
IER 28 27 30 NA 78 NA
DR 50 67 45 NA 19 NA
PS 22 6 25 NA 3 NA
At 50% of Breaking Tenacity
IER 33 29 33 NA 78 NA
DR 52 67 52 NA 19 NA
PS5 15 4 15 NA 3 NA

* Data not available

** Breaking extension 5%

*%x JER  Immediate Elastic Recovery, DR Delayed Recovery, PS Permanent Set,
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Figure 2 - Tent Inflation Schematic
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Model No, 1" Model Nos 7
3/4 Sphere 3/8 Sphere

I

Model No. 10 Model No. 21
1/2 Sphere 7/8 Sphere
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Model No, 2 Model No, 5
3/4 Cylinder 1/2 Cylinder

Model No. 8
3/8 Cylinder

Figure 5. — Photographs of Single Wall.Cylinder, W /ghz 1/2




Model No, 3 | Model No, 6
3/4 Cylinder 1/2 Cylinder

o~

Model No, 9
3/8 Cylinder

Figure 6. — Photographs of Single Wall Cylinder, Wity = 1/4
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Model No, 17 Model No, 23
3/4 Cylinder 3/4 Cylinder
Cell Width/Enclosure Dia. = 0.082 Cell Width/Enclosure Dia. = 0,123

Model No, 24. Model No, 26
3/4 Cylinder 3/4 Cylinder
Cell Width/Enclosure Dia. = 0,164 Cell Width/Enclosure Dia. = 0. 082

Figure 7. — Photographs of Double Wall Cylinder W/lh—_- 1/1
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st 4
-
Model No. 16 Model No, 18
3/8 Cylinder 3/4 Cylinder
Wi, = 1/1 W/g=1/2
¢

‘Model No. 19 Model No. 20
1/2 Cylinder -1/2 Cylinder
W/t=1/2 W/e=1/4

Figure 8.— Photographs of Double Wall Cylinders, W/, = 1/, ¥P2 &504
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Figure 12, - Coordinate System for Transformation
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MAXIMUM LIFT COEFFICIENT
SINGLE WALL 1 2 CYLINDERS »

Note:
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Figure 14. - Variation of Lift Coefficient with Shape and Fabric
Porosity (Cylindrical Single Wall Tents, 1-2 W/lh).
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Maximum Lift Coefficient, CL

0.8

0.7

0.6

0.4

MAXIMUM LIFT COEFFICIENT
SINGLE WALL 1 4 CYLINDERS

H

Note
(*) Fabric porosity, cu, ft, /min, /sq.ft. @ 6 1n, w. g.
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Py y -
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Figure 15, - Variation of Lift Coefficient with Shape and Fabric
Porosity (Cylindrical Single Wall Tents, 1 4 W/{h)
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Maximum Lift Coefficient, C L

MAXIMUM LIFT COEFFICIENT
DOUBLE WALL CYLINDERS
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Figure 16 , - Variation of Lift Coefficient with Shape (Non Porous
Double Wall Tents, 1 1, 1-2, 14, Wj.ph)
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Maximum Drag Coefficient, C
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MAXIMUM DRAG COEFFICIENT
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Note- , ‘
(*) Fabric porosity, cu.ft, /min, /sq.ft. @ 6 in. . g.
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Figure 17, - Variation of Drag Coefficient with Shape and Fabric
z ) Porosity (Spherical Single Wall Tents),
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Maximum Drag Coefficient, CD
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Figure 18, - Variation of Drag Coefficient with Shape and Fabric
Porosity (Cylindrical Single Wall Tents, 12 W/th)
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Maximum Drag Coefficient, C
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Figure 19, - Variation of Drag Coefficient with Shape and Fabric
Porosity:(Cylindrical Single Wall Tents, 1 4 W/lh).
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MAXIMUM DRAG COEFFICIENT
DOUBLE WALL CYLINDERS
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Figure 20. - Variation of Drag Coefficient with Shape
(Non Porous Double Wall Tents, 11,1 2,1 4,W/tl.).
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Maximum Moment Coefficient
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MAXIMUM MOMENT COEFFICIENT
SINGLE WALL SPHERES
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F1grure él, - Variation of Moment Coefficient with Shape and Fabric
Porosity (Spherical Single Wall Tents).
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Maximum Moment Coefficient, C
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Figure 22, - Variation of Moment Coefficient with Shape and Fabric
Porosity (Cylindrical Single Wall Tents, 1 2 why,)
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Maximum Moment Coefficient, C
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Figure 23, - Variation of Moment Coefficient with Shape and Fabric
Porosity (Cylindrical Single Wall Tents, 1 4 W/fh).
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Figure 27 - Variation of Guy Line Load Coefficient With Shape
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Tent Deflection

Tent Radius
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Cell Pressure, Pc in, w,g.

Figure29, - Variation of Tent Deflection with Cell Pressure,
Guy Lines Attached at 0 80 and 0, 40 Tent Height,
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-Tent Deflection
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Figure 30. - Variation of Tent Deflection With Enclosure Pressure,
No Guy Lines, Constant Cell Pressure = 5. 0"w, g, ,
Broadside to Wind (= 0° ),
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Tent Deflection
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Figure 3l , - Effect of Cell Size on Tent Deflection.
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FIGURE 36 - VARIATION OF MERIDIONAL STRESS RESULTANT WITH
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SUMMARY P

The objective of this program 1s to provide tentage information based .
on wind tunnel test data that can be applied either to the evaluation and im-
provement of existing ground mounted air supported tents or to the design of
such future structures The data presented are the results of a program con-
ducted by the Hayes International Corporation of Birmingham, Alabama under
Contract DA 19-129-AMC-129(N) for the U § Army Natick Laboratories,
Natick, Massachusetts

The program consisted of study, test and analytical investigation phases
which began 1n July 1963 and concluded 1n October 1966 During the study
phase, a review was made of pertinent literature on experimental techniques,
data and analyses applicable to determining maximum aerodynamic force on
and stresses in fabric structures The wind tunnel investigations consisted of
detailed testing of twenty-six tent models to include sixteen single wall tents
(ten with non-porous and six with porous fabric) and ten double wall tents
Tests were conducted at stabilized wind speeds up to 105 miles per hour in the r
Virginia Polytechnic Institute's 6' x 6' stability tunnel In the analytical phase,
test data were used to develop fabric stress and aerodynamic coefficient data
variation with tent parameters

The results of the wind tunnel investigations and the stress analyses
have been incorporated into this manual and 1ncludes comprehensive, practical
design data suitable for engineering reliable, stable, single apd double-wall
air-supported tents Data, in general, are presented in non-dimensional
coefficient form, and therefore, are applicable to full scale tents within the
range of parameters investigated Design information 1s presented as charts
and tables on such items as tent aerodynamic force and moment coefficients,
anchor and guy line coefficients, surface deflection, material stresses and
specifications, usable volume, and weight ’
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